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IN MEMORIAM 


FRANCIS ERNEST LLOYD 
1868-1947 


FRANCIS Ernest Luoyp, A.M. (Princeton), D.Se.. (honoris causa, Univ. 
of Wales and Masaryk Univ. Brno.), F.R.S.C., Professor Emeritus of MeGill 
University, born of Welsh parentage in Manchester, England, on Oct. 4, 
1868, died at his home in Carmel, California, on Oct. 10, 1947, after entering 
his 80th year. 

A man of wide knowledge and experience in many realms of human 
thought and endeavor, a botanist of the old school in the scope of his botanical 
interests, Dr. Liuoyp was by choice principally a plant physiologist. He may, 
indeed, be classed as one of the American pioneers and most active producers 
of research in that special field. In the founding and building of the AMER- 
ICAN SOCIETY OF PLANT PHySIOLOGIsTs, he was a potent factor and he re- 
mained to the end its staunch friend and an assiduous worker for its aims. 
He was the third president of the society (1926-27) and received, in 1927, 
the second award of a Charles Reid Barnes Life Membership. He encour- 
aged the early efforts at organization of the American plant physiologists, 
accepted membership in the first Editorial Board of PLANT PHysioLoey, and 
served in that capacity with great distinction until his foreign travel impelled 
hin to resign. 

Dr. Luoyp’s life was full and varied, showing great catholicity of interest 
and versatility of mind. After completing his schooling at Philadelphia, 
where he came with his parents at an early age, he was in brief turn a cow- 
puncher, dentist’s assistant, and apprentice watchmaker. Then having ‘‘ got 
religion’’—temporarily—he decided to train for the ministry and was en- 
abled to enter Princeton University. There, however, he soon became en- 
amored of biology, to which love he remained faithful till his death. After 
graduating A.M. in 1895, he, like so many other botanists of that period, 
pursued graduate studies at Bonn and Munich. His stay in Munich initi- 
ated an enduring friendship with Proressor GOEBEL. 

LiLoyp’s teaching career began in 1901, with a brief stay at Williams 
College. This was followed by a few years as instructor in biology and 
geology at Pacific University, Oregon and this by nine years on the staff of 

l 
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Teacher’s College of Columbia University, where he became author, with 
BIGELOw, of a book on the teaching of biology. It was at Columbia that he 
met and married Mary EuizaBetu Hart, herself a teacher. She and their 
two sons FrRaNcts and Davin now survive him. During his later years LLoyp 
had the satisfaction of seeing grandchildren growing up around him. 

Until he left Teacher’s College LiLoyp remained a general biologist in 
research as in training. His published papers covered a variety of botanical 
subjects including anatomy, morphology and embryology, and also some 
outside of botany. 

The next phase of his career was largely devoted to research and marked 
the development of a new enthusiasm. At the Desert Laboratory of the Car- 
negie Institution of Washington, where he was greatly stimulated by the 
physical and mental atmosphere, he first came under the spell of physiology. 
His important book ‘‘The Physiology of Stomata’’ which was completed at 
Tucson in 1908 is, as I have written on another occasion, ‘‘notable not only 
for its positive contributions to the knowledge of the stomatal mechanism, 
but also for the iconoclastic glee with which the teleological assumption of 
perfect regulation of transpiration by stomata is diseredited.’’ 

Another line of investigation carried out in the desert—which, inciden- 
tally, he loved—was an investigation of guayule and its methods of culture. 
This led to a monograph ‘‘Guayule: a rubber plant of the Chihuahuan 
desert,’’ which was first published in 1911, and revised and republished 
during the second world war. His interest in rubber continued ever after. 
For more than twenty years he was consultant to the U. 8S. Rubber Com- 
pany and, even after retirement, he was employed to advise on the eultiva- 
tion of guayule during the late war. 

A few years spent at the Alabama Polytechnic Institute were marked by 
active physiological research in which he displayed his new zeal for applying 
biophysics to the physiology of the cell; e.g., in showing that in ripening 
fruits tannin is inactivated by adsorption on another colloid and that the 
growth of pollen tubes in acid and alkali runs parallel to the swelling of 
gelatin. 

The most important phase of LLoyp’s career began in 1912, when he came 
to McGill University as Macdonald Professor of Botany, a chair which he 
held until his retirement as Professor Emeritus in 1934. A feature of his 
teaching at McGill was the development of a course in General Physiology 
in which plant cells were used as the main biological material. It was an 
inspiration to one of his colleagues to be closely associated with him in this 
work, and in the preparation of a textbook on the same subject. There was 
still no slackening in Luoyp’s research activity and he often remained work- 
ing in his laboratory till long after midnight. The most valuable of his 
researches at McGill dealt with the conjugation of Spirogyra and with the 
various mechanisms of the traps of carnivorous plants, particularly those of 
Utricularia. Many will remember the motion pictures by means of which 
the conjugation process of Spirogyra and the functioning of the intricate 
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traps of bladderworts were graphically recorded. His most important con- 
tribution to our knowledge of the conjugation mechanism was his demonstra- . 
tion of the part played by contractile vacuoles in excreting water from the 
gametes. The work on carnivorous plants goes beyond the elucidation of 
mechanism to a broad comparative study, which raises rather than settles 
puzzling questions on the problem of adaptive evolution. This line of 
study was continued after his retirement from McGill. A trip to Australia 
enabled him to observe at first hand some species that were not otherwise 
obtainable and then after settling in Carmel-by-the Sea he was busily em- 
ployed with further experiments and with the completion of his book 
‘“‘The Carnivorous Plants’’ published in 1942. Probably this, as much 
as any of his works, will serve to perpetuate his name in botanical literature. 

Honors which he highly esteemed came to LLoyp during the year before 
his retirement from McGill. He was President of the Royal Society of 
Canada, the highest recognition which the country of his adoption could 
award, and he received an honorary D.Sc. from the University of Wales, 
which moved him most of all his honors, for he was a Welshman at heart. 

In research LLoyp was an individualist and, large as his output was, 
practically all of it was the work of his own hand and eye no less than of his 
brain. All his life he had an insatiable curiosity to understand the working 
of a piece of mechanism, vital or otherwise. Ever questioning nature (‘‘the 
highest authority’’) he followed whatever lead she gave him. While this 
urge imparted a certain erratic course to his researches as a whole, it also led 
him to probe deeply and exhaustively into those problems which he found 
most inviting. His major works are monuments of patient and thorough 
investigation. 

Though Lioyp was pre-eminently a scientist, he also had the temperament 
of an emotional artist. Before every important lecture he was as nervous 
as an actor waiting to go on the stage, and when his audience warmed to 
him—as they always did—he responded in kind and was inspired to add to 
his prepared dramatic effects many that were impromptu. One other ex- 
ample may be given of his sensibility. As he once passed through the im- 
pressive Scottish Memorial to the Fallen of the first World War the gulp 
in his throat and tears on his cheeks were very apparent to his companion. 

While his manner could on occasion be bluff and his feelings might be 
relieved by a ‘‘bawling out’’ given in forceful language, his bark was far 
worse than his bite for he was an essentially kindly man. In addition, he 
had personal charm, a great capacity for friendship, and a talent for story 
telling and the utterance of drolleries—qualities which attracted a wide 
circle of friends in many parts of the world. At McGill in particular he will 
long be remembered as a colorful ‘‘character’’ around whom stories and 
legends grew. Though a campus may boast many great scholars and in- 
vestigators on its faculties, none possesses more than a few great ‘‘charac- 
ters’’ at any one time. LLoyp was a notable example of this rare species. 
Those who knew him well will appreciate the verdict of his friend and fellow 
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botanist the late FrerE Marte-VicTorin. A strangely matched couple, they 
travelled together on a long African journey. On being asked if he had ever 
tried to convert LLoyp, VicTorin replied, ‘‘ No, I prefer him as he is.’’ 

While botanists everywhere and a host of other friends lament the passing 
of F. E. Lioyp, a distinguished botanist, a notable character, and a lovable 
personality, THe AMERICAN Society or PLANT PHysIOLOGIsTs is proud to 
pay its special tribute to the memory of one of its oldest charter members 
and one who in his time contributed greatly to the growth of modern physi- 
ology in North America. 


The preceding account was made possible through the cooperation of the 
MEMORIAL COMMITTEE of the Soctety and Dr. George W. Scartu, McGill 
University, Montreal, Canada. 








THE EFFECT OF SOME ENVIRONMENTAL FACTORS ON THE 
MOVEMENTS OF GUARD CELLS 


CHARLES CHRISTOPHER WILSON 


(WITH TWELVE FIGURES ) 
Received March 1, 1947 


The movements of the guard cells have been shown by many studies to 
be affected by light, temperature and relative humidity. Most of these 
studies have been concerned with the separate effects of each of these factors 
rather than their interrelationship. Since the movements of the guard 
cells are affected by the total environment rather than any one single factor, 
it was considered that a study relating the movements of the guard cells to 
all of the factors should be undertaken. In addition, it was thought that 
since most of the theories which attempted to explain the movements of the 
guard cells were related to their photosynthetic activity, a study of the 
photosynthetic activity of the plants whose stomatal aperture was being 
measured should also be undertaken. These studies were conducted under 
both natural and controlled conditions. 


Investigation of stomatal aperture under natural conditions 


Part I. THE EFFECT OF LIGHT, TEMPERATURE AND VAPOR PRESSURE 
DEFICIT ON STOMATAL APERTURE 


Few investigations on the effect of the aerial factors of the environment 
on stomatal aperture have been carried out under natural conditions and 
these were of restricted duration. To obtain the effect of the full range of 
the environmental factors on stomatal aperture an experiment extending 
through at least several seasons of the year was considered necessary. The 
writer is unaware of any such published record. Employing the resistance 
porometer, WiLson (33), records of the stomatal aperture of two species of 
broad leaf evergreens were obtained from November 1941 through April 
1942. Measurements of the light, temperature, and vapor pressure deficit 
of the atmosphere were also obtained during this same period. 

MetrHops.—The nature and duration of the experiment determined to 
a large extent the type of plant which could be employed. Since the ex- 
periment was planned to extend from the fall of one year to the spring of 
the next year, only evergreen species were suitable. It was first thought 
that conifers would serve as suitable material, but mechanical difficulties in 
the fixing of the leaf cups, prevented their use. Camellia japonica L. and 
Ligustrum japonicum Thunb. were the species used. 

A favorable location for the experiment was found on the roof of the 
Biology building of Duke University. A wooden platform, on which the 
plants could be placed, was constructed on that part of the roof: directly 


» 
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above an office. Three plants of each species, in fourteen-inch pots, were 
placed on the platform so that none of the plants shaded each other. The 
recorder for the resistance porometer was located in the office, and figure 1 
indicates how the connections between the leaf cups and the recorder were 
constructed and how they were protected from temperature fluctuations. 
All metal connections were soldered and tested under pressure for leaks. 
When the water was turned on, all of the copper tubing was surrounded by 
running water and thereby protected from rapid temperature fluctuations. 
Three water-jacketed, leaf-cup supporters were constructed. 

The leaf cups were fastened to two leaves of each of the three plants of 
one species. The diameter of each leaf ctip was nine millimeters and the 


A 
B 












































OFFICE 


+ TO WATER FAUCET — 
+ TO POROMETER — 


Fig. 1. Diagram to show construction of water jacket for line connecting leaf cups 
to recorder of resistance porometer. A, leaf cups; B, small bore copper tubing; C, 
rubber jacket; D, large bore copper tubing; E, copper connecting cups; F, thick wall 
rubber tubing; G, metal jacket. 


total area of the leaf surface within the six cups was 1.22 square centimeters. 
For Camellia, this area usually contained 26,000 stomates and for privet 
31,500 stomates. The leaves were sealed to the leaf cups by means of 
40% latex. Card-board squares were fastened to the leaf cups of the third 
line, which was employed as a control. Since the records obtained from 
this line indicated no movements of the manometer, it is assumed that the 
system had been effectively protected from temperature effects. 

For comparative purposes, the areas of the curves of successive days, 
recorded by the resistance porometer, were measured with a planimeter. 
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The greatest area for any day during the period under investigation was 
used as a basis for calculating the other areas. Since the swing of the 
writing arm was kept between the two extremes of pressure for the entire 
duration of the experiment, the maximum swing was considered to be the 
maximum stomatal aperture. 

The temperature and the relative humidity records were obtained by 
use of a Friez hygrothermograph located in a standard weather bureau 
type instrument shelter on the roof adjacent to the platform on which the 
plants were kept. The thermograph was checked before and at intervals 
during the experiment with an accurate mercury thermometer, and found to 
be substantially correct. Periodically, the recording hygrometer was 


Aa! [eA 

















Fic. 2. Diagram of spherical thermocouple. AA, copper lead wires; A, thin copper 
sphere; B, thin nickel plating and junction wire; ©, inside silvered glass tube; D, evacu- 
ated glass bulb. 


checked for accuracy against readings obtained from a sling psychrometer. 
The vapor pressure deficit was calculated from the data obtained from the 
hygrothermograph. 

Radiation was measured by means of a radiometer devised by the writer. 
For the purpose of this investigation, a device which responded to radiation 
similar to that of a three-dimensional object such as a plant was desirable. 
It was considered that such a device should be non-selective in its response 
to the various wave lengths. The device used in this study consisted of a 
spherical thermocouple with one junction blackened and the other junction 
silvered, the whole mounted in an evacuated glass bulb (fig. 2). Two 
radiometers were placed on the platform near the plants and were connected 
in series to a Leeds and Northrup ‘‘ Micromax’’ recording potentiometer. 
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A record secured on March 25, 1941 was compared with a record cited by 
KIMBALL (9) of radiation received by a radiometer maintained normal to 
the radiation on a clear day on the 21st of March near Washington, D. C. 
Figure 3 shows both of the curves drawn to the same scale. It would appear 
that the response of this radiometer remains nearly the same as one placed 
normal to the incident radiation. 

If the meteorological conditions at Washington, D. C., can be considered 
similar to those at Durham, N. C., then a 100% light value of the writer is 
equivalent to 1.33 gm. cal./min./em.? The greatest daily intensity for the 
entire year, which was equal to approximately 797 calories, was recorded on 
June 22, 1942, while the greatest daily intensity measured during the course 
of the experiment was on April 20, 1942 and was equal to 753 calories. In 


COMPARISON OF RADIATION DATA 








D4 = 
6AM 7 ~ ( rl I ‘ 3 4 5 6PM 


Fig. 3. Comparison of radiation data obtained by writer from spherical thermo- 
couple with data obtained by Kimball from pyrheliometer maintained normal to incident 
radiation. 


computing the average light value for each day, the total number of calories 
received was calculated and expressed as percentage of 797. 

Resuuts.—Data were obtained of the stomatal aperture for both species 
of plants for approximately sixty-five days distributed between November 
1941 and May 1942. These data together with the corresponding values 
for the light, temperature and vapor pressure deficits are presented in 
table I. To determine the independent effect of both temperature and light 
upon stomatal aperture graphs were constructed in which the relation be- 
tween mean stomatal aperture and light under the same average temperature 
(fig. 4a) and the relation between mean stomatal aperture and temperature 
under the same average light (fig. 4b) was expressed. 

From a consideration of the graphic presentation of the data, it would 
appear that at a temperature between minus three and four degrees centi- 
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TABLE I 


FROM NOVEMBER 1941 TO APRIL 1942 


STOMATAL APERTURE 


PRIVET 


69.0 
54.0 
84.0 
57.5 
28.0 
47.0 
58.3 
61.4 
77.7 
45.0 
52.5 
17.5 
97.1 
50.0 
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5.54 
3.73 
8.49 
4.37 
0.11 
3.86 
4.08 
4.84 
6.93 
4.98 
6.22 
0.60 
6.76 
5.70 
5.86 
5.11 
6.69 
7.94 
2.89 
0.84 
0.14 
3.06 
3.78 
4.01 
4.62 
3.56 
5.36 
7.28 
3.32 
3.17 
0.59 
4.79 
3.82 
0.61 
3.69 
2.81 
2.95 
2.06 
3.92 
0.58 
7.29 
2.57 
0.57 
2.02 
3.00 
2.36 
1.20 
3.60 
1.20 
0.90 
1.70 
1.11 
3.90 

14.49 
11.21 
14.46 
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TABLE I (cont’d) 





STOMATAL APERTURE 
ee ee val aes . } V.P.D. 
PRIVET CAMELLIA 





mm. of Hg 
42.5 3.44 
37.5 a 1.58 
86.7 90.7 y 11.50 
59.5 88.8 : 6.79 
82.5 84.7 15.91 
71.5 88.1 11.31 
76.2 76.8 11.90 
90.4 83.1 13.38 
81.0 89.9 14.01 
85.0 93.3 8.67 
81.3 75.0 93.4 6.97 
83.4 80.7 79.2 9.76 
77.5 75.0 79.3 j 9.03 
82.5 100.0 90.9 : 13.15 
100.0 100.0 88.9 24. 15.68 
100.0 100.0 83.1 26.2 18.65 
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grade, the stomates remained closed regardless of any other factors. As 
the temperature increased, the reactivity of the guard cells also appeared 
to increase. This fact made it likely that there would be greater variability 
of stomatal aperture under conditions of high temperature than under low 
temperature. It thus appeared that the variability of the stomatal aperture 


THE EFFECT OF TEMPERATURE ON STOMATAL APERT URE 
UNDER CONSTANT LIGHT 
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Fic. 4a. The effect of temperature on stomatal aperture under the same average 
light. Light indicated as percentage in columns at the right; each percentage marks 
the upper limit of the points used. Thus 24% marks the average stomatal aperture for 
all light values lying between 12 and 24%. 
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was proportional to the temperature. The weight of each observation was 
inversely proportional to the temperature. Certain limitations are thus 
imposed upon the form of an equation which would present the relation 
between stomatal aperture and the environmental factors. At a tempera- 
ture of between minus three and four degrees, the equation must pass 
through zero stomatal aperture, and the entire equation should be weighted 
inversely proportional to the temperature. 

From the graphic presentations, it appears that if the origin of the 
temperature scale t, be placed at — 4° C., then for constant light intensity 1, 


THE EFFECT OF LIGHT ON STOMATAL APERTURE 
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Fig. 4b. The effect of light on stomatal aperture under the same average tempera- 
ture. Each temperature marks the upper limit of the points used. Thus 8° C. marks 
the average stomatal aperture for all temperatures between 3° and 8° C. 


and vapor pressure deficit v, the calculated stomatal aperture Y, varies 
directly with (t+4) such that 
Y = p(t+4) 
in which p is the proportionality factor. But this factor p itself varies 
directly with 1 and with v, and may even accelerate with increase in tem- 
perature such that 
p = b,l + belv + bslv(t + 4) 

upon substituting this expression for p, the equation takes the form 

Y = b,x, + box. +b;x; (1) 
in which 

x, =1(t+4); x. =lv(t+4); x, =lv(t+ 4)’. 

As remarked above, the weight of each observation should be taken as in- 
versely proportional to (t +4); hence, if y be an observed aperture cor- 
responding to the calculated Y of equation (1), the coefficients b,, b., and 
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b; may be evaluated according to the method of least squares, such that the 
sum of the weighted squares of residuals between observation and caleula- 


tion, that is 
S\aa {y — b,x; — bexs — bsx;}? 
will be minimum. 


Numerical values were calculated from the data, and the contents of 
each of the variables was calculated. The significance of each of the vari- 
ables was tested and it was found that for both species, x, and x, were 
significant, while x; made no contribution to the equation. The failure of 
x; to be significant indicates that no confidence can be placed in a eurvi- 
linear relation between the independent variables. The final equation for 
Camellia was as follows: 

Y = 0.0702 1(t + 4) — 0.0023 Iv(t + 4) 
and for privet 
Y = 0.0635 1(t +4) —0.0017 lv(t+4) 
The standard error of the mean for both species was approximately ten %. 

The equations derived for both species of plants were tested by an 
analysis of variance to determine if there was a significant difference be- 
tween the two equations. The test indicated that there was no significant 
difference, which indicates that the guard cells of both species behave in a 
similar manner under similar environmental conditions. An equation was 
calculated from the combined data of both species. This new equation was 
as follows: 

Y = 0.067 1(t + 4) — 0.002 lv(t+ 4) 

The similarity of behavior of both species suggested the possibility that 
the equation derived from the two species studied might also describe the 
response of the guard cells of other species. Unfortunately, time did not 
permit an extension of the experiment to check this hypothesis. There is 
available in the literature, however, a small amount of data on the activity 
of the guard cells together with observations of the necessary environmental 
factors. Gray and Pierce (4), working with various cereal crops, recorded 
for several days the stomatal aperture, approximate light, temperature, and 
relative humidity. From their data stomatal apertures were calculated by 
means of the combined equation. The results are presented below: 


I TEMPERATURE V.P.D. CALCULATED ACTUAL 
seed In 0° C, Mo. or He S. A. S.A. 
80 27.5 13 94 94 


70 5 3.5 72 68 


Poot and McKay (20) working with Beta vulgaris presented data 
which, although not completely quantitative, were thought to be usable 
in this connection. Their values for the diameter of the stomates were 
plotted in terms of what they considered a standard day, and a diameter of 
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six microns determined as equal to 100% opening. The results of these 
calculations are presented in the following table: 





yore TCR UPD, Cuigoum Agra 
gee eae ma a ae 24 

: ete Ee 8.6 71 71 i 

i ae oa 8.0 65 oc 


Using the combined equations, three-dimensional graphs were constructed 
in which the effect of temperature and vapor pressure deficit under dif- 
ferent light intensities on the stomatal aperture could be expressed (fig. 
5a, b, e, d, e). The vapor pressure deficit was calculated at the indicated 
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Fig. 5a. Graph showing the effect of temperature and vapor pressure deficit under 
different light intensities on the stomatal aperture. 








Os 4 LIGHT - 40% 


Fig. 5b. Graph showing the effect of temperature and vapor pressure deficit under 
different light intensities on the stomatal aperture. 
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Fig. 5¢. Graph showing the effect of temperature and vapor pressure deficit under 
different light intensities on the stomatal aperture. 











Fig. 5d. Graph showing the effect of temperature and vapor pressure deficit under 
different light intensities on the stomatal aperture. 
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Fic. 5e. Graph showing the effect of temperature and vapor pressure deficit under 
different light intensities on the stomatal aperture. 
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Fic. 6a. Graph showing the effect of light on stomatal aperture of Ligustrum at 
various average daily temperatures. 


relative humidity for each temperature. As indicated by figure 5a, b, e, 
d, e, the effect of low relative humidities on stomatal aperture is compara- 
tively slight at medium and low temperatures and only becomes important 
at high temperatures. 

The relation of vapor pressure deficit to the moisture content of the 
leaf is undoubtedly very close. Since the movements of the guard cells 
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Fig. 6c. Graph showing the effect of light on stomatal aperture of Ligustrum at 
various average daily temperatures. 


have been assumed to be associated with turgor changes, they would be 
affected by the water balance of the leaf as a whole. It would appear that 
the stomatal aperture increases with an increase in the moisture content 
of the leaf. 

At very high relative humidities there appears to be a direct relation 
between temperature and stomatal aperture. At approximately —4° C. 
light is ineffective in causing stomatal opening. As the temperature in- 
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Fig. 6d. Graph showing the effect of light on stomatal aperture of Ligustrum at 
various average daily temperatures. 
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creases, the stomates become more responsive and more sensitive to the effects 
of light. Above approximately 20° C., there appears to be a direct relation 
between light and stomatal aperture. This situation is shown in figure 6a, 
b, ce, d, e, in which graphs of stomatal aperture of Ligustrum are shown for 
different days during the experiment. When the average daily tempera- 
ture was below 12° C., fluctuations in the light intensity caused no ap- 
preciable movements of the guard cells. When the temperature was high, 
there was a practically instantaneous response of the guard cells to fluectua- 
tion in light. 


100 ommomem STOMATAL APERTURE AVERAGE DAILY TEMR 
T o—O—OLIGHT 27° ¢. 
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Fic. 6e. Graph showing the effect of light on stomatal aperture of Ligustrum at 
various average daily temperatures. 


Part II. THE RELATION OF PHOTOSYNTHESIS TO STOMATAL APERTURE 


The relation between photosynthesis and stomatal aperture may be con- 
sidered from two distinct viewpoints. One view is that the stomates by 
controlling the diffusive capacity of the leaf might control the rate of 
photosynthesis; the other view maintains that photosynthesis, along with 
its effects, determines the opening of the guard cells. If the first view is 
correct, it would appear that the movements of the guard cells are indepen- 
dent of the photosynthetic process and could control its rate. If the seeond 
view is correct, the movements of the guard cells and the rate of photo- 
synthesis should be essentially parallel. Photosynthetic measurements 
were made on the plants at the same time that stomatal aperture was being 
measured. 

MetHops.—The apparent rate of photosynthesis was determined by 
measuring the amount of carbon dioxide present in the air before and after 
it had passed over the leaves of the experimental plants. The difference 
between the two readings was taken as a measure of the carbon dioxide used 
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by the plants. The carbon dioxide content of the air was determined by 
passing the air stream through absorption towers and measuring the change 
in conductivity of the absorbing solutions (29). 

Celluloid envelopes, into which the leaves could be placed, were con- 
structed as shown in figure 7. These chambers were tested carefully for 
eddy effects with smoke before being employed. These tests indicated no 
apparent dead spaces so that it might be assumed that the air stream 
passed continuously over the entire leaf surface. During the photosyn- 
thetic measurements, the air within each cup was renewed in approximately 
0.8 of a second at a rate of 2.5 liters per em.” of leaf surface per hour. 
The celluloid was sufficiently thin so that no appreciable reduction of light 
intensity was apparent. The temperature of leaves within these cups was 
compared with that of normal leaves by means of a thermocouple. When 


TO ABSORPTION 
TOWER 


Fig. 7. Diagram of leaf chambers for determination of apparent rate of photo- 
synthesis. 


air was moving through the cups, as in photosynthetic measurements, the 
temperature of the leaves within the cups was approximately one degree 
higher than that of normal leaves. These determinations were made on a 
day of high light intensity. When the light intensity was low, there was 
no measurable difference in temperature between the leaves. 

Five leaves from three plants of Ligustrum and four leaves from three 
plants of Camellia were used. These leaves were chosen carefully so that 
the total area for each species was approximately fifty square centimeters. 
Since it has been shown that paired opposite leaves exhibit morphological 
and physiological similarity, the leaves of Ligustrum employed for photo- 
synthetic measurements were paired with the leaves whose stomatal ac- 
tivity was being recorded. Since Camellia has an alternate arrangement 
of the leaves, such a pairing could not be employed. The leaves whose 
photosynthetic activity was to be determined were chosen alternately from 
the node above and below the leaves whose stomatal activity was being 
recorded. 

Photosynthetic determinations were made on both species of plants on 
approximately forty days of the experimental period. Determinations 
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were of ten-minute duration, each half hour of the day, from approximately 
one hour before sunrise to approximately one hour after sunset. 
Resu.ts.—The relationship between stomatal aperture and apparent 
photosynthesis in Ligustrum are shown in figures 8a, b, ¢, d, and 9a, b, e, 
d, e. Data from Camellia were similar. These graphs were constructed 
from data obtained on nine different days throughout the experimental 
period. At temperatures from zero to five degrees centigrade, the stomates 
require from two to four hours to open even under high light intensity. 
As the graphs in figure 8 indicate, there is no appreciable photosynthesis 
evident until the stomates have opened. Photosynthesis does oceur before 
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Fic. 8a. Graph showing relation between stomatal aperture and photosynthesis on 
first year leaves of Ligustrum. 


the opening of the guard cells but only at a rate similar to the normal res- 
piration rate. At no time was a photosynthetic rate of a greater magnitude 
than the respiration rate observed while the guard cells were apparently 
closed. On one day in which the average temperature was —3°C., no 
stomatal aperture was apparent although the plants carried on slight photo- 
synthesis for five hours on that day. 

The graphs shown in figure 9 were constructed from data obtained 
during the following spring when the leaves were beginning their second 
season. In practically all instances, there was a mid-day drop in the rate 
of apparent photosynthesis. On some days this reduction in the apparent 
photosynthetic rate was so great that the plants released carbon dioxide. 
The only exceptions were on days in which the vapor pressure deficit was 
low. Although respiration exceeded photosynthesis occasionally on days 
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Fig. 8b. Graph showing relation between stomatal aperture and photosynthesis on 
first year leaves of Ligustrum. 
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Fig. 8c. Graph showing relation between stomatal aperture and photosynthesis on 


first year leaves of Ligustrum. 
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Fig. 8d. Graph showing relation between stomatal aperture and photosynthesis on 
first year leaves of Ligustrum. 
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Fic. 9a. Graph showing relation between stomatal aperature and photosynthesis of 


second year leaves of Ligustrum. 
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Fig. 9b. Graph showing relation between stomatal aperature and photosynthesis of 
second year leaves of Ligustrum. 
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Fig. 9¢. Graph showing relation between stomatal aperature and photosynthesis of 
second year leaves of Ligustrum. 
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Fig. 94. Graph showing relation between stomatal aperature and photosynthesis of 


second year leaves of Ligustrum. 
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Fig. 9e. Graph showing relation between stomatal aperature and photosynthesis of 


second year leaves of Ligustrum. 
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in which the average daily temperature was high there was no correspond- 
ing fluctuation in the stomatal aperture. The only appreciable mid-day 
closure of the stomates observed occurred at the time in which the plants 
were resuming their apparent photosynthetic activities. Although no data 
were obtained on the moisture content of the leaves, it is not improbable 
that the stomatal closure was associated with a low leaf moisture content 
rather than with the mid-day drop in the apparent photosynthetic rate. 
The relation between stomatal aperture and photosynthesis of Ligustrum 
during different months of the experimental period is shown in figure 10. 


SEASONAL VARIATIONS IN THE RELATION BETWEEN 
STOMATAL APERTURE AND PHOTOSYNTHESIS 


















APRI A H 
100+ -7 MAR JANUARY 

x a 

WJ 

a 807 

a 

- 

a + 

WJ 

a 

< 607 PDECEMBER 

a 

< + 

| one 

< 

= 40-4 

ie) 

e 

” 

20+ o- DECEMBER 
o- JANUARY 
e-MARCH 
a-APRIL 
—_———— tt 
(@) 20 40 60 80 100 


PHOTOSYNTHESIS % 


Fig. 10. Graph showing seasonal variations in the relation between stomatal aper 
ture and photosynthesis in Ligustrum. 


The highest apparent photosynthetic rate for the entire period was used as 
a base for calculating all the other photosynthetic rates. As the graphs 
indicate, the average daily apparent rate decreased from December to May 
while the average daily stomatal aperture increased during the same 
period. It would appear that the age of the leaf affects its apparent photo- 
synthetic activity more than it does the activity of its guard cells. 


Investigation of stomatal aperture under controlled conditions 
Part I. THE EFFECT OF TEMPERATURE UNDER CONSTANT LIGHT INTENSITY 


The effect of temperature on the stomatal aperture has been the subject 
of several investigations (13, 14, 32). These investigations have resulted 
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in the formulation of divergent opinions concerning the effects of tempera- 
ture. Since a temperature effect was clearly indicated on the plants grow- 
ing under natural conditions, an investigation under controlled conditions 
was undertaken to verify this effect and to aid in the clarification of the 
reported contradictions. 

METHODS.—T wo plant chambers were constructed in which it was possible 
to control light, air temperatures, and soil temperatures independently of 
one another. No attempt was made to control the relative humidity 
beyond keeping the air as saturated with water vapor as possible. The 
independent air and soil temperatures obtained by the use of this chamber 
were considered desirable in a study of the effect of temperature on stomatal 
aperture. Unpublished data of the writer indicate that if soil and air 
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Fig. 11. Effect of temperature on stomatal aperture of cotton under constant light. 


temperatures are both low, a lack of water associated with low soil tempera- 
tures may affect stomatal aperture. 

Since time did not permit an extended investigation of the effect of 
temperature upon stomatal aperture of many species of plants, it was con- 
sidered desirable to choose a species which does not normally undergo a wide 
range of temperature during its normal growing season. Gossypium 
hirsutum L. and Nicotiana tabacum L. were the species employed. 

Plants were grown out-of-doors in large metal containers and were 
approximately two and a half months old when they were used in this 
study. The stomatal aperture was determined by means of the resistance 
porometer in the manner previously described. The plants were tested at 
various temperatures from 5° to 35° C. under a light intensity of ten 
thousand foot candles as measured by a Weston light meter. Four plants 
of each species were placed in one chamber and four independent records 
of the stomatal aperture were obtained for each plant at each temperature. 
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The light was automatically controlled by a time switch to give four hours of 
light alternating with four hours of dark. The four-hour period was used 
to eliminate any time effects. Plants were maintained at each air tempera- 
ture for two days. 

Resuuts.—The effect of temperature under constant light and humidity 
on the stomatal aperture of cotton and tobacco was very similar to that 
observed for Camellia and privet. Both the period of opening and the rate 
of movement of the guard cells decrease with decreasing temperature. At 
35° C., the stomatal aperture was less than at either 25° or 30° C. The 
experiment was not extended beyond 35° C. but it seems reasonable to con- 
clude from the form of the curve shown in figure 11 that beyond 30° in- 
creasing temperature may be associated with decreasing stomatal aperture. 
It would appear that temperature exerts a direct influence upon stomatal 
aperture. 


Part II. THE EFFECT OF CHLOROFORM UPON STOMATAL APERTURE 


It has been shown by Irvine (8) that chloroform in small concentrations 
inhibits photosynthesis without appreciably affecting respiration. Paw- 
LENKA (18) has shown that this gas has no pronounced effect upon stomatal 
aperture other than to accelerate its rate of movement. The writer is un- 
aware of any study in which the effect of chloroform was determined on 
stomatal aperture and photosynthesis simultaneously. Such a study was 
undertaken so that the relation between stomatal aperture and photosyn- 
thesis might be further clarified. 

METHOps.—The plants to be investigated were placed in the plant 
chambers previously described. The chambers were maintained at 25° C. 
and the light at ten thousand foot candles. The rate of apparent photo- 
synthesis and the stomatal aperture of the plants were determined by the 
methods previously deseribed. The concentration of chloroform was ap- 
proximately 0.02 cc. per liter of air. The species employed were cotton 
and tobacco. 

REsSULTs.—Small concentrations of chloroform appeared to inhibit the 
photosynthetic activity of both cotton and tobacco. Chloroform, also stimu- 
lated an increase in the rate of respiration which, however, was not sufficient 
to account for the lack of apparent photosynthesis. The effect of chloro- 
form on the stomatal aperture was somewhat irregular. When the chloro- 
form was added while the stomates were open and the plants exposed to 
light, a slight stomatal closure was observed. The stomatal aperture soon 
regained its normal position although no apparent photosynthesis could be 
detected at the same time. When chloroform was added to plants in the 
dark whose stomates were closed, there was no apparent movement of the 
guard cells. When the light was turned on soon after, the plants continued 
to emit carbon dioxide while the stomatal aperture appeared to follow its 
normal light-induced opening. The plants did not appear to be affected by 
the treatment and one day after treatment the photosynthetic rate was 
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normal. The guard cells of the plants whose photosynthetic activity was 
inhibited by small concentrations of chloroform, appear to respond in a 
fairly normal fashion to the effects of light. 


Part III. THE EFFECT OF THE ABSENCE OF CHLOROPHYLL ON 
STOMATAL APERTURE 


The behavior of guard cells with chlorophyll-free plastids has been 
variously reported. Lioyp (13) considered such cells capable of move- 
ment. Paretz (17) concluded that such cells responded to changes of 
humidity but not of light. Scartn (25) noted that guard cells located 
above chlorophyll-free tissue responded gradually to the effect of light and 
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Fie. 12. Effect of light on stomatal aperture of non-chlorophyllous Coleus. 


thought the response spread from the cells located next to the chlorenchyma. 
Harms (6) reported that the light induced opening of guard cells situated 
over chlorophyll-free tissue was proportional to the intensity of light ab- 
sorbed by the tissue. A further investigation of this problem was thought 
desirable. 

MetTHOops.—The guard cells of several species of plants were observed 
through a fluorescent microscope to determine whether or not they con- 
tained chlorophyll. Although the guard cells located above chlorophyll- 
free tissue of several species of plants were examined, only one species was 
found to contain non-fluorescent plastids. These guard cells, of a varie- 
gated species of Coleus blumei were studied by means of the resistance 
porometer. 

Sweet potato plants were grown in total darkness. Guard cells from 
leaves of these plants were observed through the fluorescent microscope. 
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No fluorescence was observed in any of the plastids of any of the cells of 
the leaves. Several of these plants were removed from the dark and placed 
under a bright light. The movements of the guard cells were observed 
through a microscope at ten-minute intervals and the plastids examined 
for fluorescence. 

Resuuts.—The effects of light on the guard cells of Coleus blumei are 
shown in figure 12. Although the amplitude of their response is less than 
that of varieties containing fluorescent plastids, the rate of response appears 
to be the same. The guard cells exhibited a response to changes in light 
within one minute. 

The guard cells of the sweet potato which had been growing in the 
dark were closed. When the plant was placed under a light of approxi- 
mately one thousand foot candles for ten minutes, a slight opening of the 
guard cells was observed. No fluorescence was observed during the same 
time. After one half-hour many guard cells were quite widely open and 
still no fluorescence was observed in the plastids of any of the cells of the 
leaf. It would appear that guard cells containing non-fluorescing plastids 
and located over chlorophyll-free tissue are capable of exhibiting light- 
induced movements. 

Discussion 


Although it has been established by many workers that the movements 
of the guard cells are effected by changes in the environment, it is difficult 
to formulate a satisfactory explanation of these effects. It has been assumed 
that the movements of the guard cells are associated with turgor changes 
which result from the action of the external environmental factors. Several 
theories have been proposed to explain the effects of these factors upon the 
movements of the guard cells. In general, these theories can be grouped 
into three classes: those concerned with the effect of the factors upon the 
osmotic and enzymatic relations of the guard cells; those concerned with 
the effect upon the permeability of the guard cells; and those concerned 
with the effect upon the colloidal material in the guard cells. 

The theory that the external environmental factors cause reversible 
changes of the osmotically active constituents of the guard cells, has been 
widely held. Von Mount (28) was the first to propose that the plastids of 
the guard cells produced an osmotically active substance which resulted in 
an increase of the turgor of the cells and thereby promoted opening. An 
increase in the osmotic pressure of the guard cells in the day-time has been 
reported by many workers: ILsin (7), WiaGAns (32), SrermsBerGER (27), 
Luoyp (13), Lortrietp (14), and Sayre (22). Most of these workers as- 
sumed that starch was changed to sugar as the guard cells open and that the 
sugar was converted to starch as they close. Sayre considered that there 
was approximately two and a half times as much sugar present in the guard 
cells when they were open as when they were closed. He further considered 
that there was a reciprocal relation between starch and sugar. LtLoyp re- 
ported that in Verbena ciliata, as well as in certain other plants, starch 
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almost wholly disappeared during the early afternoon, when the stomates 
were at their widest, and increased toward evening with the closing of the 
stomates. LortTrreLp studied ‘‘the starch content of the guard cells... 
in order to determine its relationship to light intensity and stomatal move- 
ment.’’ He reported that ‘‘the starch index did not show the close correla- 
tion to either light changes or stomatal movement that ILs1n and Lioyp have 
found. In some series there was at times a certain relationship between 
changes in the starch index and mid-day closure, while at other times no 
relation existed. Hence, at times there existed a good correlation between 
the changes in starch content and stomatal movement and at other times 
none whatever. It seems clear that the entire subject is more complex than 
either ILgmn or Luoyp have supposed, and must be the subject of renewed 
investigation.’’ Although Lorrrie.p wrote the above in the body of his 
study, in his summary he wrote the following: ‘‘light induces opening of the 
stomata after day-break by initiating conversion of the starch within the 
guard cells into sugar.’’ 

The results of some other workers indicate an apparent disparity be- 
tween their facts and their conclusions. Mriuuer (16) states that ‘‘the re- 
sults of WiaaaAns show that the osmotic value of the guard cells averaged 
about thirteen atmospheres higher than that of the epidermal ecells.’’ It 
is not clear what the effect of an ‘‘average osmotic’’ value would have on 
the guard cells if the fluctuations in the osmotic value were not associated 
with changes in the movements of the guard cells. A reexamination of 
Wiaaans, data did little to clarify this point. There were no data upon the 
stomatal aperture except the statement that the stomates were usually at 
their maximum aperture on bright days at 10 a.m. He states that on 
November 29th, it was dark until 9:30 a.m. and thea bright throughout the 
day. It is assumed from his data that the stomates did not open until there 
was light, which would be at approximately 9:30 a.m. and yet the greatest 
difference between the osmotic value of the guard cells and the other 
epidermal cells was recorded at 8 a.m. The differences in the osmotic 
values decreased from that time until 2 p.m. when there was no appreciable 
difference between them. On December 6th, when he reported the sun as 
bright throughout the day, he recorded no appreciable difference between 
the osmotic pressure of the guard cells and that of the cells of the epidermis 
at any time. WiuaeGaNs also found that in Zebrina pendula the osmotic 
pressure of the guard cells was always distinctly higher than that of the 
epidermal cells. In considering this, LOrrrre.p states that ‘‘it seems hardly 
possible, for example, that the guard cells can lose their turgor, and cause 
closure while they still have a distinctly higher concentration than the ad- 
jacent cells.’’ 

Sayre (22) determined the osmotic values of the guard cells and epi- 
dermal cells of Rumex patientia by using sucrose, glucose, and calcium 
chloride as plasmolyzing agents. He found that there was a wide variation 
in the osmotic pressures of the cells so determined. In tabulating his values, 
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he gave maximum and average values but not minimum values. It seems 
fair to conclude that the minimum values would deviate from the average as 
much as the reported maximum values. If his values, using cane sugar as 
the plasmolyzing agent, are inspected, it can be seen that there is no differ- 
ence between the average osmotic pressure of the guard cells and the sub- 
sidiary cells until 1: 30 p.m. at which time the stomates were at their maxi- 
mum aperture. The guard cells, however, were reported 25% open at 8: 30 
A.M. and 50% open by 10:30 a.m. The minimum values for the osmotic 
pressure of the guard cells, calculated as described above, were less than 
those found for the epidermal cells, making it difficult to understand the 
relation between stomatal aperture and osmotic pressure of the guard cells 
from the above data. The values obtained using glucose and caleium chlo- 
ride as plasmolyzing agents were even more unsatisfactory. 

In addition to the above problems of evaluation, there exist in this field 
some directly contradictory data. Although most workers report a decrease 
in the starch content of the guard cells during the day and a maximum at 
night, the opposite was reported by ALEXANDROV (1). It would appear that 
the experimental evidence is not so conclusive as many have assumed and 
that a re-investigation of the problem might well be undertaken. 

If the results of the investigation on the osmotic relations of the guard 
cells are provisionally accepted, the results lead to the further problem of 
the cause of the changes in the osmotically active substances. Since it has 
been assumed that during the day starch in the guard cells would change 
to sugar, the existence of an enzyme to promote this change was postulated. 
Kout (11) considered that light activated an enzyme which promoted the 
change of starch to sugar. He considered that photosynthesis occurred in 
the plastids of the guard cells and that in some way this activity promoted 
the production of the enzyme. This theory with various modifications has 
been held by many modern workers including LorrrreLp (14), Sayre (22), 
and WEBER (30). SAyreE associated the activity of the enzyme with a change 
in the pH of the guard cells. He considered that .. . ‘‘in the morning, 
light initiates the action of diastase, probably by decreasing the acidity of 
the cells sap of the guard cells. The diastase changes the starch to sugar, 
which results in an increase of the osmotic value of their cell sap. This 
causes water to enter the guard cells, since the osmotic value of the cells 
sap of the epidermal cells remains constant. A swelling of the guard cells 
results, and this causes the stoma to open. The procedure during the clos- 
ing of the stomata is perhaps the reverse of that during the opening.”’ 

The presence of diastase has not been demonstrated in the guard cells. 
Haacen (5) caused the guard cells to open by placing them in a solution 
of diastase. He considered that the starch in the guard cells had been hy- 
drolyzed to sugar and the turgor of the cells thereby increased. The 
fluctuations in the starch content of the guard cells which have been ob- 
served by many workers have been considered the best indirect evidence for 
the presence of diastase. Lioyp (13) and Arenps (2) could not confirm the 
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presence of sugar in open guard cells as reported by Hagen (5) and by 
Sayre (22). If diastase was present, it appeared to act in a manner con- 
trary to that found in the cells of the mesophyll. In the latter cells, starch 
accumulates during the day and is hydrolyzed at night, whereas in the 
guard cells the contrary has been reported. 

It has been reported by some workers, and confirmed by the writer, that 
the guard cells of some species react to a light stimulus in less than one 
minute. It has been considered that the speed of reaction of the guard 
cells is so rapid that turgor changes caused by enzyme reactions are too slow 
to account for the changes (12, 25, 31). 

This hypothesis appears inadequate in explaining the effects of fluctua- 
tions of light upon the movements of the guard cells after the stomates are 
open. If the action of light, presumably by its photosynthetic effect, pro- 
duces a shift in the pH in a direction favorable to the hydrolytic activity 
of the enzyme, it would appear likely that as long as photosynthesis was 
occurring in the leaf, the pH would remain relatively constant. On the 
basis of this theory, we would then expect a gradual opening of the guard 
cells when photosynthesis begins, followed by a gradual closing after photo- 
synthesis ceased. It has been shown by the writer that there were marked 
fluctuations in the movements of the guard cells which were closely corre- 
lated with fluctuations in light intensity while the photosynthetic activity 
of the leaf remained fairly constant. The enzyme theory apparently pro- 
vides no explanation of these fluctuations. The writer observed that the 
guard cells remained open in the day-time during periods when the photo- 
synthetic activity of the leaf had ceased. If the pH change is associated 
with photosynthetic activity, the stomates should close when photosynthesis 
ceases, but they actually remain open. 

Many facts concerning the movements of the guard cells are not satis- 
factorily explained by the theory that the change in the positions of the 
guard cells is associated with changes in the activity of diastase. The 
assumptions which have been made to support the hypothesis rest mainly 
upon inconclusive evidence. There is no evidence for the presence of dias- 
tase in guard cells or for the effect of a pH change upon the hydrolytie-syn- 
thetic activity of the enzyme. If such a mechanism does exist, it would 
probably act as a reinforcing agent incidental to some other agent. 

The possibility that the movement of the guard cells is associated with 
light-induced permeability changes has been advanced by several workers. 
There appears to be a general agreement that light causes an increase in the 
permeability of most plant cells. KisseLew (10) investigated the perme- 
ability of the guard cells under open and closed conditions. He employed 
several methods in this study and, although his results have been open to 
question, one of his methods appears to be acceptable. By studying the rate 
of plasmolysis of closed and open guard cells, he stated that the closed 
guard cell is more permeable to water than the open guard cell. Lvov (15) 
considered that the permeability of the guard cell as determined by the 
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method of isotonic coefficients was the opposite to that reported by KisseLEw. 
Instn (7) and STEINBERGER (27) studied the changes in the osmotic pres- 
sure of the guard cell using potassium nitrate as the plasmolyzing agent and 
report that their results indicated that the osmotic pressure of the guard 
cells was very much higher in open than in closed cells. Sayre (22) has 
criticized their work on the ground that potassium nitrate penetrates the 
cells. It is possible that their results indicated a change in the permeability 
of the guard eells rather than an osmotic change. 

It seems reasonable to assume that there are changes in the permeability 
of the guard cells. It is not clear whether these changes are the same as 
those reported for other plant cells or whether the guard cells behave in an 
anomalous manner. 

An hypothesis which has gained wide acceptance in recent years states 
that ‘‘the normal turgor changes in guard cells are, in large part, merely 
a specialized example of a phenomenon which is very general not only in 
living cells but in biocolloids apart from life, namely, changes of hydration 
in relation to H-ion concentration.’’ This view was presented indepen- 
dently by both ScartH (24) and LinsBaver (12). Scarru considered the 
series of events that leads to opening and closing of the guard cells in the 
natural state to be the following : ‘‘ The morning light initiates photosynthesis 
resulting in a reduction of CO, concentration and the development of a more 
alkaline reaction within the guard cells. In response to the change of re- 
action the vacuome apparently in virtue of its colloidal content quickly 
imbibes more water from the adjacent cells and causes distension of the 
guard cells. More gradually, as a result of the same H-ion change starch 
is hydrolyzed, and unless the cells are freely permeable to the soluble prod- 
uct—a point still subjudice—turgidity will be further increased thereby. 

Cessation of photosynthesis whether from lack of light, accumulation of 
photosynthetic products (?) is followed by a similar series of opposite 
changes. Prolonged closure in darkness may possibly result in sufficient 
acidity, through accumulation of CO., to cause temporary opening along 
with slight hydrolysis of starch.’’ 

This theory appears to offer many advantages over the previous theories. 
Since colloidal hydration and dehydration can occur very rapidly, the turgor 
changes which they produce in the guard cells are capable of explaining 
the observed speed of stomatal opening and closing. The work of Scart 
also indicates that starch-sugar changes are subsidiary to the pH changes 
and require a much longer time for completion. This observation may ex- 
plain why the starch-sugar changes reported by other workers do not neces- 
sarily coincide with movements of the guard cells. Several facts have been 
reported, however, which cast some doubt upon this hypothesis. 

Sayre (22) was the first to observe movements of the guard cells in 
solutions of different pH. He noted that the guard cells of Rumezx patientia 
opened in a pH of 4.2 to 4.4 and closed in the pH range above and below 
those figures. He was not able to demonstrate pH changes in the guard 
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cells of normal leaves under natural conditions. ScartTH (24) observed that 
the guard cells of Zebrina pendula closed when placed in solutions of pH 
5.0 to 8.0 and opened above and below that range. He stated that: ‘‘ex- 
periments with non-adsorbed indicators show that the vacuole of the guard 
cells may range from about pH 4.5 on plants kept in the dark to about pH 
7.0 on plants exposed to full sunlight. The experiments do not show 
whether or not it reaches a point (probably about pH 7.3) at which hy- 
drolysis of starch and opening of stomata can take place without the aid 
of light.’’ 

PEKAREK (19) observed that ‘‘the cell sap of guard, subsidiary and epi- 
dermal cells in the light have a pH of about 6.0. In the dark, the pH of 
the guard cells falls towards the acid side while that of the subsidiary and 
epidermal cells increases towards the alkaline side.’’ The results obtained 
by the above investigators indicate that the effect of pH changes on the 
movement of the guard cells is somewhat complex. 

ZIRKLE (34) stated that ‘‘the pH of the cell sap can be measured only 
with great difficulty and the values obtained are generally somewhat in- 
accurate. Different vacuoles, sometimes within the same cell, may acquire 
very different colors when stained by such dyes as neutral red.’’ He re- 
ported the use of natural indicators as particularily valuable. However, 
when ScartH (25) used the natural indicators in Zebrina, he noted that 
alkali-induced opening corresponded to a pH of 7.4 which apparently never 
occurs under natural conditions. 

ScarTH also reported that there was no detectable trace of tannin in the 
vacuole of the guard cells of Tradescantia. This would place the guard 
cells of Tradescantia in the B category of ZirKiE of which he says: ‘‘the 
range indicator method gave very uncertain results with the B type vacuoles. 
Twelve dyes were found which stained these vacuoles, and the color of the 
stained vacuole matched different buffer solutions of the dyes ranging from 
pH 7.2 when they were stained with neutral red, to pH 13 when they were 
stained with brilliant cresyl blue, depending on the particular dye which 
was used. Obviously, such results show that the vacuoles contain some sub- 
stance which markedly alters the normal virage of basic dyes.’’ 

It was considered by ScartH (24) that the colloids of the vacuole be- 
came dehydrated as they approached their isoelectric point and became hy- 
drated at a pH above and below that point. It is not clear how this concept 
can be harmonized with the data presented by Sayre (22), who noted that 
the guard cells opened in an intermediate pH and closed on either side of 
that pH. Such a mechanism is contrary to that required by the theory of 
colloidal hydration. 

If ScartH’s hypothesis is correct, there should be a direct relation be- 
tween photosynthesis and the movements of the guard cells. As soon as 
photosynthesis has started in the plastids, the concentration of carbon 
dioxide surrounding the plastids should be greatly reduced. If the vacuoles 
of the guard cells are not well buffered then the diffusion of carbon dioxide 
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to the plastids should increase the pH of the vacuole. Since carbon dioxide 
diffuses very rapidly through the cells, an equilibrium between the free car- 
bon dioxide of the vacuole and the plastids should be quickly attained. 
As long as the plastids continue photosynthesis, the equilibrium should 
remain fairly constant. Thus, once the guard cells have opened, it is not 
clear how fluctuations in the movements of the guard cells could arise as 
long as photosynthesis is maintained. The writer has observed that the 
guard cells responded to fluctations in the light intensity while the photo- 
synthetic rate remained fairly constant. 

Many investigators have attempted to determine the effect of different 
regions of the spectrum on the movements of the guard cells. In most of 
the early investigations, no attempt was made to measure the intensity of 
the light falling upon the guard cells. The result of these investigations 
indicated that the guard cells were more strongly affected by the red end of 
the spectrum. They considered that yellow, green, infra-red, and ultra- 
violet exerted essentially no influence on stomatal opening (3, 11, 13). 
Sayre (23) considered that the guard éells did not open in wave lengths 
longer than 6900 A and that other regions of the visible transmitted by his 
filters seemed equally effective. 

A very careful investigation of the opening of the guard cells in dif- 
ferent regions of the visible spectrum was carried out by Srerp (26). Great 
precautions were taken with the photometric methods and the total energy 
actually falling on the guard cells under observation was measured by 
means of a thermopile. The total energy transmitted by each of the filters 
used was so arranged that the radiation which fell on the guard cells differed 
in light quality but not in total energy. Srerp stated that: ‘‘blue, green, 
yellow, and orange-yellow light of equal intensity had equal effect on the 
stomates of Helianthus. Red was only about sixty percent effective while 
the infra-red had no effect. Since the different wave lengths used were all 
about equally absorbed by the leaf, it is concluded that if the stomates are 
affected by the quanta of light absorbed then in some region of the red no 
quanta were absorbed. This is in contrast to assimilation studies so that 
reasonable doubt is cast on the stomatal movement being directly linked 
to assimilation.’’ 

Harms (6), using the same careful technique as that employed by 
Srerp (26), conducted an extensive investigation of the effects of quality 
of light on the movements of the guard cells. He reported that most species 
were more sensitive to blue than to red by the ratio of 2:1. He also noted 
that the stomates situated over the colorless mesophyll of variegated species 
responded according to the formula, intensity x percentage of wave length 
absorbed, to open to the same aperture. 

It would appear from a consideration of the available evidence that light 
of a given wave length affects photosynthesis and the guard cells differently. 
Observations of the writer appear to confirm this conclusion. It was found 
that guard cells, containing non-fluorescent plastids, located above non- 
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chlorophyllous tissue exhibited light-induced movement. It was also noted 
that guard cells of etiolated sweet potato leaves in which no fluorescence 
could be observed also exhibited light-induced movement. Simultaneous 
determinations of stomatal aperture and photosynthesis under natural con- 
ditions indicated that the stomates could be open at a time when photo- 
synthesis had ceased during the middle of the day. The effect of chloro- 
form upon stomatal aperture and photosynthesis was investigated and it 
was found that stomatal opening occurred although photosynthesis was 
inhibited. These observations appear to confirm the independence of photo- 
synthesis and movement of the guard cells. 


Summary 


1. The effects of light, temperature, and humidity on stomatal aperture 
were observed on leaves of potted specimens of Camellia japonica L. and 
Ligustrum japonicum Thunb. growing out-of-doors. The stomates are 
affected by variation in temperature, remaining closed at temperatures of 
-4° C. or less. The guard cells respond slowly to light when the tempera- 
ture is low. With temperatures of 20° C. or higher the stomatal aperture 
is directly affected by variations in the light intensity. The effect of low 
relative humidity on stomatal aperture is comparatively slight at medium 
and low temperatures, but is more pronounced at high temperatures. An 
equation was derived from these data which describes the effects of light, 
temperature and humidity on the stomatal aperture of both species. The 
effect of temperature on the stomatal aperture of cotton and tobacco under 
constant light and humidity was also investigated. It was found that the 
stomatal aperture of both cotton and tobacco decreased with decreasing 
temperature. 

2. Photosynthetic measurements are reported for the plants whose sto- 
matal apertures were also being determined. Fluctuations in the rate of 
photosynthesis do not appear to affect the stomatal aperture of Camellia and 
privet. The apparent photosynthetic rates of leaves of both species are 
affected by age-differently from the stomatal aperture. The effect of chloro- 
form is to inhibit apparent photosynthesis but not to affect greatly stomatal 
aperture. Guard cells containing non-fluorescent plastids on leaves devoid 
of chlorophyll exhibit light-induced movements. These results indicate that 
probably there is no causal relation between photosynthesis and stomatal 
opening. 

3. Stomatal behavior has been explained by turgor changes associated 
with changes in permeability, changes in enzyme activity and variations in 
colloidal hydration. It has been assumed that these changes are initiated by 
fluctuations in photosynthesis. It is considered that none of these proposed 
theories are adequate to account for all of the observed facts concerning 
the movements of the guard cells. 
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Introduction 


Tissues from the leaves of A. comosus collected at different diurnal in- 
tervals may contain different amounts of various products of metabolism. 
As examples, the acidity of the chlorophyllose tissues of leaves collected in 
the afternoon may be very small (61) in comparison with that of similar 
tissues from leaves collected early in the morning (63). It has also been 
observed that plants with greater plant weights and, presumably, with a 
high rate of growth may contain more acid in the chlorophyllous tissues of 
the leaves than similar plants growing at lower rates (66, 67, 68, 69). 

The information contained herein reports and discusses certain rela- 
tionships between plant growth, on the one hand, and titratable acidity and 
sugars at different diurnal intervals on the other. Morever, it shows the 
effects of different amounts of acidity on the degree of dispersion of proteins, 
presumably related to particle size as affected by hydration at different pH, 
at various diurnal intervals. 


Literature 


The literature on organic acid metabolism in plants was ably summarized 
in 1932 by BENNET-CLArK (10, 11, 12). Since then investigations by Vick- 
gry et al. (75, 76), Atusopr (1), Woir (83), PucHer et al. (52), and Kress 
and Eaa@teston (40) have greatly contributed towards our general knowl- 
edge of the chemistry and metabolism of these acids in plants and animals. 

Considerable controversy, in the past, beclouded the identity of the 
so-called crassulacean malic acid; some (44, 45) believing it to be isomalic 
acid and others something different but closely related to the latter. PUCHER 
and VICKErRy (52) showed that the crassulacean malic acid was identical 
with isocitric acid, which has also been confirmed by Kress and E@GLEsTon 
(43). However, establishment of the identity of isocitrie with erassulacean 
malic acid affords better means of identifying the other organic acids in the 
tissues and of measuring, also, the extent of changes which any or all such 
acids may undergo at different diurnal intervals. 

As to the nature of the substances which contribute to the formation 
of the various organic acids in the tissues at various diurnal intervals, dif- 


1 Published with the approval of the Director as Technical Paper no. 172 of the 
Pineapple Research Institute, University of Hawaii. 
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ferent investigators hold dissimilar views. Kraus (37, 38) observed that 
fluctuations in acidity were associated with fluctuations in the carbohydrate 
content of the same tissues in the opposite direction, and that changes in 
titratable acidity were not connected with neutralization of the acid by base. 
Wor (83) claims that during organic acid accumulation, at night, the 
sugar content of the tissues of Bryophyllum calycinum decreased; also, 
there was interdependence between fermentable hexose sugars and starch, 
on the one hand, and organic acids, on the other. 

In contrast with the above, RUHLAND and Werzen (53, 54) attribute the 
diurnal variations in organic acids to the breakdown of amino acids, stored 
in the rhizome of Rhewm hybridum, which yield |-malic acid and an equiva- 
lent amount of ammonia. The same investigators (57) claim that, in 
Begonia, where oxalic acid predominates as ammonium oxalate, the rise in 
titratable acidity during the night is followed by a decrease in ammonia; 
but fail to state the fluctuations in ammonia at other diurnal intervals. The 
possibility of nitrogen metabolism contributing to the formation of organic 
acids has been considered by KostytcHev (36) who asserts that the common 
plant acids, malic, tartaric, citric, ete., are not at all normal intermediate 
products of oxygen respiration but that they arise from amino acids or from 
intermediate products of the synthesis of proteins and that their oxidation 
is more like ‘‘protein respiration’’ than ‘‘sugar respiration.”’ 

But STEINMANN (72) is in disagreement with both the above findings, 
claiming that in Rheum sativum a slight gain in titratable acidity was ob- 
served during the day and this was increased if the transport was hindered 
by cutting the main veins of the leaf; thus attributing the formation of acid 
directly to photosynthesis. 

Organic acids accumulate mostly in the chlorophyllous regions of the 
leaves, according to Smeris et al. (63). Astruc (3) found that the green 
regions in variegated leaves of Pelargonium and Acer contained about five 
times as much titratable acidity as the adjoining white parts. 

According to Gustarson (26), the total acid of the plant juice is not 
responsible for the H-ion concentration gradient found in plants. BENDRAT 
(8) claims that the titratable acidity yielded no information of value re- 
garding the acid metabolism in succulents since the sign of the change of 
total acidity was opposite to that of the change in titratable acidity in many 
cases. 

The disappearance of organic acids from tissues during the day is 
attributed to various factors. Spornr (71) showed that the acidity of the 
expressed sap of Opuntia decreased when the sap was exposed to light, but 
this was not due to an enzyme because addition of the ash of the plant to 
pure malic acid solutions enabled this photodeacidification to take place at 
about the same rate asin the sap. Citric acid, being readily oxidized im vitro 
to acetone-dicarboxylic acid, is believed by some investigators (14) to 
undergo similar changes in the tissues. 
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Methods 


Greenhouse and field grown plants were employed separately for the 
various studies. The light averaged in the outdoors 5800 foot candles from 
January to August 1944, but under greenhouse conditions was approxi- 
mately 30% lower. Temperature, depending on wind movement, was from 
3 to 5 degrees higher in the greenhouse than outdoors. The average tem- 
perature from January to August 1944 was 77.5° F. in the day, and 71.3° F. 
at night ; while average maximal temperature was 83.6 and minimal 66.5° F. 
for the same period. 

The greenhouse plants were grown in solution cultures, composed as fol- 
lows: Water, 1000 ml.; KNO;, 0.184 gm.; Ca(NO;).°4H.O, 0.236 gm.; 
MgSO, 7H.0, 0.246 gm.; NaH,.PO,: H.O, 0.138 gm.; FeSO,:7H.0, 0.028 
gm. ; MnSO, - 4H,0, 0.011 gm. ; ZnSO, -7H,0, 0.015 gm. ; and K,B,0; : 5H,0, 
0.016 gm. 

The plants, tops or crowns, were suspended, in January 1944, in poree- 
lain erocks of 17 liter capacity containing the nutrient solution which was 
aerated continuously and changed at three-week intervals. These plants 
were sampled on June 5, August 2, 8, and 9, 1944. 

The field-grown plants, approximately 5000, set in twelve different 
treatments, each replicated four times, occupied an area about one-third of 
an acre. 

The various treatments consisted mainly of different amounts of soil 
fumigants per acre injected before planting. There were three different 
controls or checks: X,, for the fumigants applied to the 1943 planting, and 
X, and X;. The soil in the X, was never treated before with any fumigant 
but in the X; it was treated with 225 lbs. of chloropicrin per acre in 1939. 
but not in 1943. Both X, and X; served to demonstrate possible residual 
effects of the 1939 chloropicrin treatment on the second cycle plants planted 
in December 1943. The other treatments were as reported in table VI. 

The field-plant samples were collected in September 1944 when the plants 
were nine months old. Plant weights are reported in table VI. 

Ten leaves or more of the active (D) group (62), one leaf per plant, 
were collected at each diurnal interval. These leaves occupying a position 
between the young (E) and mature (C) are the longest in the plant and 
their position with reference to the main axis of the stem is not truly per- 
pendicular but slightly inclined. These leaves after washing were weighed, 
sectioned, and the medial cross section (No. 4) of the chlorophyllous region 
was selected for chemical analysis. The tissues of these sections were cut 
into 2-mm. widths with a rotatory stainless knife slicer; some were dried 
while others were used in the fresh state for analyses. 

Where the substances sought for chemical analysis were water soluble, 
the tissues were mixed with water and macerated in a Waring Blendor, and 
the water-soluble substances extracted and strained through Canton flannel 
by the application of manual pressure at four successive intervals, mixing 
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the residue with 50 ml. of water at each interval until a volume of 400 ml. 
was obtained. Aqueous extracts were employed for the determination of 
titrimetric acidity, pH, sugars, and nitrogenous fractions. 

Titrimetrie acidity was determined as soon as possible after extraction 
on a 10-ml. aliquot with 0.1 N NaOH, using phenolphthalein as indicator; 
pH was determined with a Beckman pH glass electrode apparatus. Deter- 
mination of malic and citric acids was made by the method of PucHER 
et al. (51). 

For the determination of total sugars the method of QuisumBINe and 
THomas (55) was employed after precipitation of the suspended matter 
with lead acetate, removal of the excess lead with potassium phosphate and 
inversion of sucrose by invertase. 

The nitrogenous fractions were segregated following the aqueous extrac- 
tion into water soluble-N and residual-N, the former comprising all the 
nitrogen in the solution and the latter that in the residual tissue matter. 
The different fractions were obtained and classified on the basis of the 
scheme shown below: 


Mixture of ground 
tissues and water 





(A). Residual matter (B). Aqueous solutions + acetic acid 
(Residual protein-N ) to 1% (pH 3.0-4.0) and heat 


(C). Precipitate 
Solution + (Extractable protein-N ) 
trichloracetic acid to 2% 











| 
Solution + (D). Precipitate 
tannie acid to 0.5% (Proteose-N ) 
eabnmaner obs. a4 
| 
(F). Solution (E). Precipitate 
(Crystalloid-N ) (Peptone-N and peptide-N) 


The nitrogen in all fractions was determined by Kjeldahl’s method. 

For the determination of ascorbic acid the tissues were mixed with a 5% 
aqueous solution of oxalic acid and ground in a Waring Blendor, the aqueous 
fraction strained as before, filtered, and ascorbic acid was titrated in the 
filtrate with sodium 2,6-dichlorobenzeneoneindophenol. 

Chlorophyll was determined in all cases colorimetrically with a Klett- 
Summerson photoelectric colorimeter using No. 60 light filter. It was also 
found necessary to record optically changes in color ranging from green to 
brown presumably resulting from chlorophyll decomposition by chloro- 
phyllase in tissues with low pH values. 


Results 


(GREENHOUSE PLANTS 


Ascorpic AcIp.—The leaves were collected at two-hour intervals for 
twenty-four hours on June 5 and 6, 1944. 
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Changes in ascorbic acid at different diurnal intervals, in table I, were 
very small and insignificant. There were fluctuations which cannot be 
explained satisfactorily, but they were probably associated more with ear- 
bohydrate changes in the tissues than diurnal effects. 

Ray (56) has found that certain sugars (mannose) increased to a greater 
extent the ascorbic acid content of tissues than others (arabinose or xylose) 
but their effects on plant growth were opposed. Ascorbic acid, according 
to Purr (54), inhibited the activity of the Beta-type of amylase, ‘‘the sac- 
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TIME - HOURS 
Fie. 1. ‘‘A,’’ residual and extractable nitrogen as percentage of total and ‘‘B,’’ 
pH of the chlorophyllous sections (4) of the active (D) leaves of A. comosus grown in 
the greenhouse and collected at different hours of June 5-6, 1944. 


charifying enzyme,’’ but had no effect on the Alpha-type, ‘‘the dextrinizing 
enzyme,’’ while dehydroascorbie acid had directly opposite effects on both 
types of amylases, suggesting that the predominance of either form of ascor- 
bic acid may change the concentrations of certain carbohydrate fractions in 
the tissues. 

Actpity.—The titratable acidity and pH of the leaves collected on June 
5-6, 1944, reported in figure 1 and table 1, underwent great changes between 
day and night intervals. Maximal values of titratable acidity and minimal 
of pH were attained at 6 a.m. and the opposite at 6 p.m. Also, the leaves 
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collected, at four-hour intervals, on August 2 and 9, 1944, reported in tables 
II and III, respectively, showed maximal titratable acidity at 6 a.m. and 
minimal at 6 P.M., while pH values for the same intervals were in reverse 
order to acidity values. However, titratable acidity was higher, for similar 
diurnal intervals, in the leaves collected on June 5-6 and August 2 than 
on August 9, 1944. Examination of sunlight records, indicating the 
amount of light by the area formed by the temperature differential curves 
of two blackened thermometers, one of which was kept in the shade and 
the other exposed to light, shows that the amount of light, determined by 
measuring the area by planimeter, was approximately 50% greater on June 


TABLE II 


EFFECTS OF DIURNAL CHANGES ON TITRATABLE ACIDITY (CITRIC AND MALIC ACIDS), pH, 
TOTAL SUGARS, REDUCING SUGARS, SUCROSE, STARCH, AND CHLOROPHYLL IN THE 
CHLOROPHYLLOUS NO. 4 SECTIONS OF THE ACTIVE (D) LEAVES OF EIGHT- 
MONTH-OLD A. comosus GROWN IN SOLUTION CULTURES UNDER 
GREENHOUSE CONDITIONS AND HARVESTED AUGUST 2, 1944 





























ACIDITY | CARBOHYDRATE FRACTIONS | CHLOROPHYLL 
| 
V . | 
Z. | | 
, » <a i 
— a a os the 7 ea = 
“2 | Se “<4 |2< e | & a g 
43/68] m= |58/88| 8 . | § a 
eZ, O< ry | & Sz L TD aed © 
ml. | mg. | mg. | mg. mg. mg. | 4 
6: 00 A.M. 220 | 141 | 42 30.2 | 21.9 8.3 0.1 | 0.210 | Brown 
10: 00a.m. | 1.50 9.6 4.5 33.1 23.4 9.7 0.2 | 0.240 Brown 
2: 00pm. | 0.57 | 3.6 5.8 | 38.4 | 28.0 10.4 0.4 | 0.589 Green 
6: 00 P.M. 0.35 2.2 6.2 39.5 28.1 11.4 0.3 0.661 Green 
10: 00 P.M. 0.60 3.8 5.5 36.3 27.0 9.3 0.5 0.625 | Green 
2: 00 A.M. 1.10 7.0 | 48 | 36.0 | 27.4 8.9 | 0.2 | 0.494 | Br-Gr 


ee aS Oe | | 
* T.A. = Titratable acidity as ml. of 0.1 N NaOH. 


5-6 and August 2 than on August 9, 1944. The differences in titratable 
acidity between the samples of June 5-6 or August 2 and 9, probably result- 
ing from differences in the carbohydrate content of the tissues, were pre- 
sumably related to differences in sunlight and photosynthetic activity for 
the respective periods. BENNET-CLARK (10) has reported somewhat com- 
parable results for the diurnal titratable acidity of Sedwm praealtum at 
different seasons of the year, the acidity being greater from May to Septem- 
ber when sunlight was more abundant than at other seasons. 

Definite identification and determination of the organic acids in the 
leaf tissues of A. comosus was made by the method of PucHsr et al. (51). 
The data, in table IV, show that in the leaves collected at 6 a.M. the recovered 
acids were 90% of total titratable acidity of which 54.7% was malic and 
45.3% citric acids. In the leaves collected at 6 P.M. the recovered acids 
constituted 85% of total titratable acidity of which 30.3% was malice and 
69.7% citrie acid. The total acidity of the leaves collected at 6 A.M. and 
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6 p.m. differed considerably, being in the morning 2.23 times greater than 
in the evening. Similar differences, also, existed in the malice and citric 
content of the tissues for the same periods. The concentration of malic acid 
was reduced approximately 75%, from 6 A.M. to 6 P.M., and of citric acid 
37.0% ; the reduction in malic acid being almost twice as great as in citric 
acid. 

The breaking down of organic acids in tissues, presumably because of 
enzymatic activity (83), is not the result of diurnal periodicity but of light 
effects. It is known that malic acid gives oxalacetic acid after gentle oxida- 
tion with hydrogen peroxide and citric acid may be oxidized to acetone- 
dicarboxylic acid (14) or to pyruvic and oxalacetie acids, suggesting that 


TABLE IV 


MALIC AND CITRIC ACID AS MG. PER GRAM OF FRESH TISSUE IN THE CHLOROPHYLLOUS NO. 4 
SECTIONS OF THE ACTIVE (D) LEAVES OF EIGHT-MONTH-OLD A. comosus 
COLLECTED AT 6: 00 A.M. AND 6: 00 P.M. ON AUGUST 8, 1944; 

ALSO PERCENTAGE DIFFERENCES OF THE SAME 
































UNDETERMINED 
TOTAL ACIDITY ACIDS 

| (DIFFERENCE) 

Daal . CiTric § |— 

TIME | CITRIC MALI po | CaLcu- 
0.1N Cirric* | ACID ACID MALIC oN | LATED 
> ad AND | “yg AS 

NaOH MALIC | NaOH | CITRIC- 
MALIC* 
ml. mg. | mg. 3 mg. mg. ml, | mg. 
6: 00 A.M. 2.48 15.85 | 6.54 7.90 14.44 0.28 | 1.80 
6: 00 P.M. 1.11 7.10 4.10 1.94 6.04 |; 0.18 | 1.15 
% acid decomposed 
from 7: 00 A.M. to 
7: 00 P.M. 55.2 | 37.3 | 75.5 58.2 











* MI. of 0.1 N NaOH multiplied by 6.4, the factor for citrie acid. 


under ordinary conditions, both acids are subject to oxidation. Great light 
intensities and durations were found to accelerate more the rate of disap- 
pearance of such acids from the tissues than small ones. Some idea of the 
effects of diurnal periodicity in relation to the acidity of the tissues of leaves 
exposed to light or darkness may be obtained from the data in table V. 

The data are from two lots of plants, grown simultaneously and with 
identical nutrition in the greenhouse, one of which was covered with a black 
cloth from 6 A.M. to 2 p.m. and the other was exposed to the daylight inten- 
sity of the greenhouse. They show that the acidity of the exposed plants 
decreased 17.4% of the initial value from 6 A.M. to 10 A.m. and 78.0% from 
6 A.M. to 2 P.M., but that of the covered plants increased 23.6% from 6 A.M. 
to 10 A.M. and 4.4% from 6 a.m. to 2 p.m. The covered plants gained, in- 
stead of losing, in acidity and the reduction in gain of 19.2%, i.e., 23.6 -—4.4 
from 10 A.M. to 2 P.M. might have resulted from deficiencies in the supplies 
of readily available carbohydrates due to cessation of photosynthetic activity 
by exclusion of sunlight. 
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Somewhat similar results were obtained by Pursewitscn (53) in the 
erassulacean Aeonium where the acid content reached its maximal value 
eight hours after the leaves had been placed in darkness, and twenty-four 
hours in Robinia. The longer period in the latter plant was attributed to the 
supposedly greater stability of citric acid which is more predominant in this 
plant than malie acid. 

These results indicate that light is necessary for the processes responsible 
in the breaking down of organic acids in the tissues and that, in the absence 
of light, plants continue to form organic acids as long as carbohydrate sup- 
plies are available. 

Generation of organic acids from amino acids, via ‘‘ protein respiration,’’ 
suggested by Kostycuev (36), is highly questionable because in A. comosus 
(64, 65) grown in darkness for 17, 56, or 105 days with great reductions 
in protein-N and approximately proportional increases in amino-N, the 


TABLE V 


TITRATABLE ACIDITY, AS MG. OF CITRIC ACID PER GRAM O” FRESH TISSUE, IN THE CHLORO- 
PHYLLOUS NO. 4 SECTIONS OF THE ACTIVE (D) LEAVES OF TWO LOTs OF 
A. comosus, ONE OF WHICH WAS COVERED WITH A BLACK CLOTH 
FROM 6: 00 a.M. TO 2: 00 P.M. AND OTHER EXPOSED 
TO SEASONAL DAYLIGHT 


























5 DIFFERENCE IN CITRIC ACID 
TITRATABLE ACIDITY As BErwenn 6: 00.4.6, E 
TIME CITRIC ACID 10: 00 A.M. AND 2: 00 P.M. 
EXxPoseD | COVERED EXPOSED | COVERED 
mg. mg. % % 
6: 00 A.M, 11.01 11.40 0.0 0.0 
10: 00 A.M. 9.09 14.09 —17.4 23.6 
2: 00 P.M. 2.43 11.90 | ~ 78.0 4.4 











acidity of the sap was very low in comparison with that of plants exposed 
to light which generated presumably organic acids via ‘‘carbohydrate 
respiration.’’ 

Suaars.—Total sugars in table II, showing maximal values at 6 P.M. and 
minimal] at 6 A.M., were in converse order with titratable acidity (malic-citric 
acid) in the same table. The results suggest that during respiration sugars 
in the tissues were oxidized, in the absence of light, to malic and citrie and 
possibly other organic acids. The combined values of malic-citric acid, esti- 
mated from titratable acidity by multiplying the values of NaOH by 6.41 
and contrasted with sugars, in figure 4, show that the former increased as 
the latter decreased and vice versa. This is, also, in agreement with the 
findings of Kraus (37, 38) and of Brennet-CLarK (11) with Sedum 
praealtum. 

CHLOROPHYLL.—Ten grams of the 2-mm.-thick slices of fresh leaf tissues 
were placed in flasks with 100 ml. of 95% ethyl alcohol and left standing 
overnight. They were then macerated in a Waring Blendor, the chloro- 
phyll extracted and determined with a Klett-Summerson photoelectric 
colorimeter, using a No. 60 light filter. 








48 PLANT PHYSIOLOGY 


Tables I and II show that chlorophyll from leaves collected at different 
diurnal intervals was subject to different degrees of self-destruction either 
by the inherent acidity of the tissues or by chlorophyllase presumably oper- 
ating more favorably at high than low acidities. The products of chloro- 
phyll decomposition, supposedly phaeophytins, changing the extract from 
from green to varions intensities of brown, were directly related to the 
acidity of the tissues; the extracts of leaves collected at 2 to 6 P.M. were 
green but at all other times showed different intensities of admixed brown 
and green colors. The amounts of chlorophyll in the extracted sap of 
macerated leaf tissues correlated negatively with the amounts of organic 
acids, shown in figure 3-A, indicating that a higher acidity accelerated the 
destruction of chlorophyll more than a lower acidity. 

Neutralization of the tissues with alkali to pH 7.0, also, inhibited the 
development of brown color, suggesting that the high acidity of the tissues, 
presumably in association with chlorophyllase, was mostly responsible for 
the breaking down of chlorophyll in dying or dead tissues. 

NITROGENOUS FRACTIONS.—Residual nitrogen, mostly or all protein-N, 
consists of the insoluble fraction left in the tissues after extraction of the 
water soluble fractions. The effects of diurnal intervals on residual nitro- 
gen, in tables I and III, were presumably related to the acidity of the tissues 
prevalent at such intervals. As for example, leaves collected at 2 a.m. to 
10 A.M. with higher acidity, had more residual-N than leaves at other inter- 
vals with lower acidity. And, conversely, extractable-N (water soluble-N) 
was greater in leaves collected at 2 p.m. to 10 P.M. with lower acidity than 
at other intervals with higher acidity. 

The relationship of acidity to the extractable-N fraction, in table I, where 
the rise or fall was mainly due to protein-N, is indicated by the correlation 
coefficient, r = — 0.72 and t = 3.280 requiring t = 3.169 for statistical signifi- 
cance at the P 0.01 level. 

The association of acidity with changes in residual-N or in extractable-N 
suggests reversible changes in the relative degree of dispersion of proteins 
resulting from hydration at different pH which had affected the ease of 
extraction from the cell. At the high acidities, prevailing late at night and 
early in the morning, protein particles, because of lower hydration, become 
presumably less mobile and their dispersal decreases than at the low acidities 
during the day intervals at which considerable protein from the residual-N 
fraction enters the aqueous phase in suspension due to the greater hydration. 

Examination of the fractions of extractable-N, in tables I and III, shows 
that it increased from 2 p.m. to 10 p.m. but decreased from 2 a.m. to 10 A.M. 
Also, the data in figure 1 show that there was an inverse relationship in the 
amounts of extractable-N and residual-N, that is, as the former decreased 
the latter increased, and vice versa. 

The data in table III, containing the various fractions of extractable-N, 
indicate that the protein-N fraction changed in reverse order with the 
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residual-N fraction, suggesting that the gains in the protein-N fraction of 
the extractable-N group had resulted from losses in the residual-N group. 
Some changes were, also, observed in the crystalloid-N fraction of the ex- 
tractable-N group which were in reverse order with those in residual-N. 

A much better idea of the relationship of the various nitrogenous frac- 
tions is obtainable from figure 2 where such fractions are plotted as per- 
centage of total extractable-N. It will be noted that protein-N was low 
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Fie. 2. Residual-N and extractable-N as percentage of total-N, also, protein-N, 
peptone-N, proteose-N and erystalloid-N as percentage of extractable-N in the chloro- 
phyllous No. 4 sections of the active (D) leaves of A. comosus, grown in the greenhouse, 
collected August 9, 1944, and malic-citrie acid values of the same tissues. 


from 6 A.M. to approximately 2 p.m. when it began to increase until 10 P.m., 
then it decreased until 2 a.m. and it remained almost at the same level from 
2 to 10 A.M. Crystalloid-N began to increase from 6 A.M. to 2 P.M., but 
decreased from the latter time to 6 p.m. and remained relatively at the same 
level from 6 P.M. to 6 A.M. Comparison of the curves of crystalloid-N and 
malic-citrie acid, in the same figure, shows that as the former increased, from 
6 A.M. to 2 p.m. the latter decreased, possibly suggesting conversion of malice 
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or citric acids, presumably in the presence of diphosphopyridine nucleotide 
[(Py(PO,)2)] to amino forms (16, 73, 78) as: 


malic acid + Py(PO,). ————> H.Py(PO,),. + oxalacetic acid (I) 
oxalacetic acid + NH, _—————=> aspartic acid (II) 
aspartic acid + NH; —————> asparagine 


and aspartic acid, in the presence of pyruvic acid which is present in plant 
tissues, via transamination to alanine. 


Aspartic acid + pyruvic acid = oxalacetic + alanine 


Similar comparison of the curves of crystalloid-N and protein-N shows that 
the former began to rise from 10 A.M. to 2 p.m. but the latter from 2 P.M. to 
10 P.M. suggesting possible conversion of crystalloid-N to protein-N. But 
light is not essential for the above reaction according to PRIANISCHNIKOW 
(50), and more studies are necessary to establish the relationship of titra- 
table acidity changes to crystalloid-N. 

The curves of peptone-N and proteose-N remained practically at the 
same level at all times suggesting that they were affected the least by diurnal 
changes. These fractions, presumably fragments of various cell proteins 
resulting from cellular metabolic activity, in accordance with the theory of 
Borsoox and HurrMAn (16), possibly undergo breakdown and recombina- 
tion at rates somewhat proportional with the nitrogenous constituents of the 
cell (70). 

FIELD PLANTS 


These plants, all from a single clone, were grown under identical condi- 
tions of sunlight, water and amounts of applied fertilizer salts excepting the 
soil fumigation treatments prior to planting which are reported in table VI. 

LEAF WEIGHTS, ACIDITY, SUGARS.—The data, in table VI, show that leaf 
weights, which were directly related to plant weights, differed in the various 
treatments. All chloropicrin and D-D and the 400 pounds of ethide per 
acre treatments produced greater leaf weights than all others. 

Titratable acidity in the chlorophyllous No. 4 sections of the active (D) 
leaves, reported as citric-malic acids, was greater at 7 A.M. than at 3 P.M. 
which is in agreement with findings in tables I, II and III. It was directly 
related to leaf weights collected at 7 A.m., depicted in figure 3-B. With a 
coefficient of correlation, r = 0.92, and t= 7.60 and requiring for significance 
t = 3.169 at the P 0.01 level, the relationship between titratable acidity and 
leaf weights was very great. Also, in figure 3-C, sugars and leaf weights 
were inversely related, that is, the former decreased as the latter increased 
and vice versa. This relationship, presumably associated with the utiliza- 
tion of sugars at a greater rate by large than small plants and depicted in 
figure 4, shows a negative correlation coefficient, r = — 0.95, which is statis- 
tically highly significant. 
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The fact that leaf weights correlated positively with titratable acidity 
and negatively with sugars indicated a sort of interrelationship between 
titratable acidity and sugars and suggests possible conversion of the former 


to the latter. 
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3. Curves of correlation: ‘‘A,’’ titratable acidity (malic-citrie acids) and 


chlorophyll showing the effeets of acidity on chlorophyll destruction in the sap of macer- 
ated tissues collected at different diurnal intervals; ‘‘B,’’ leaf weights and titratable 
acidity; ‘‘C,’’ leaf weights and sugar; and ‘‘D,’’ sugar and titratable acidity in the 
chlorophyllous No. 4 sections of the active (D) leaves of 4. comosus, collected at 7: 00 A.M. 
on September 6, 1944, grown in the field with equal amounts of fertilizer salts but with 
different kinds and amounts of fumigants applied to the soil before planting. 
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figure 3-D, shows a coefficient, r = — 0.91, which is statistically highly signifi- 
eant at the P 0.01 level. 

These data, although susceptible to other interpretations, strongly indi- 
eate that sugars are the raw substances for the formation of organic acids 
by chlorophyllous tissues in darkness and that such acids are produced and 
sugar utilized at much greater rates by plants growing more than less 
rapidly. 
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Fic. 4. Comparison of the curves of sugars and malic-citric acid in the tissue of the 
chlorophyllous No. 4 sections of the active (D) leaves of A. comosus, grown in solution 
cultures in the greenhouse, collected August 2, 1944. 


NITROGENOUS FRACTIONS.—Nitrogen, potassium, or calcium per gram of 
fresh tissue, in table VI, although fluctuating at various intervals, were not 
related to leaf weights, titratable acidity or sugars. But total amounts of 
these elements per plant, obtainable by multiplying plant weights by the 
concentrations of the various ions in table VI, were positively correlated with 
leaf weights, as follows: 


Required t = 2.306 for significance at P 0.05. 


ITEMS r t 
Leaf wt. : N _ per plant 0.76 3.313 

a | * aes ee 66 0.71 2 840 

re —_— 0.62 2.220 
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The above may suggest that leaf weights increased in direct proportion 
with the total amounts of nitrogen and potassium per plant. As the large 
plants were grown in treatments that had been more efficiently sterilized by 
certain fumigants and presumably had healthier and better root systems, 
the amounts of nitrogen and potassium per plant removed from the soil was 
greater by the large than small plants. 

The nitrogenous fractions from the chlorophyllous tissues, reported in 
table VII, differed considerably in the different treatments between the 7 
A.M. and 3 P.M. collections. 

Residual-N was greater and extractable-N smaller in the leaves of the 
7 A.M. than 3 P.M. collections, which is in agreement with the data in tables 
I and III. Protein-N and proteose-N were smaller but crystalloid-N was 
greater in the 7 A.M. than 3 p.m. leaves, which, also, agree with the data in 
table III. The lack of samples between 10 a.m. and 2 p.m. in the field plants 


TABLE VIII 


MEAN PROTEIN-N, PROTEOSE-N, AND CRYSTALLOID-N AS PERCENTAGE OF EXTRACTABLE-N 
(FROM THE DATA IN TABLE VII) AND DIFFERENCES OF THE SAME BETWEEN 
LEAVES COLLECTED AT 7: 00 A.M. AND 3: 00 P.M.; ALSO, STATISTICAL 
SIGNIFICANCE OF THE DIFFERENCES 











Exraactastz-N TIME OF COLLECTION wen | . 
smn ‘ems 7: 00 A.M. 3: 00 P.M. 
% % 7/0 % 
Protein-N siecle 52.5 63.6 -11.1 6.90 
Proteose-N i 4.1 9.2 - 5.1 5.32 
Crystalloid-N ..................... 43.7 27.2 16.5 8.65 
Required for significance at P 0.01 . Salah siecle abana a" 3.106 





as in figure 2 for the greenhouse plants failed to disclose possible changes 
in protein-N and erystalloid-N. 

Crystalloid-N was higher in the 7 A.M. leaves of the field than in the 
6 A.M. leaves of the greenhouse plants, presumably because of longer ex- 
posure to sunlight of the former than latter plants. Moreover, the field 
plants grown at an elevation of approximately 1000 feet at Wahiawa and 
not shaded by surrounding mountains were exposed to light at sunrise, 
whereas the greenhouse plants grown in Manoa Valley which is surrounded 
by mountains lost approximately two hours of sunlight in the morning. 

Differences of protein-N, or crystalloid-N between leaves collected at 7 
A.M. and 3 p.M. were statistically significant as shown in table VIII. 

The greater extractable protein values in the leaves collected at 3 P.M. 
than 7 A.M. presumably resulted, on the one hand, from solubilized residual-N 
which entered in suspension the aqueous phase due to the decreased acidity 
of the sap, and on the other, from conversion of erystalloid-N to protein-N. 
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Discussion 


The above data, briefly stated, indicate that the chlorophyllous regions 
of the leaves of A. comosus are subject, at different diurnal intervals, to 
changes in titratable acidity and sugars, according to figure 4, the former 
increasing and the latter decreasing in darkness or the opposite in light. 
Also, comparable changes were observed in certain nitrogenous fractions. 

These results are in general agreement with the findings of others but the 
present interpretation is at variance with that of a few investigators. 

Mayer (44, 45), Kraus (37, 38), pz Vrims (79, 80), Pursewrrscn (53), 
NATHANSON (47) and BENNeET-CLARK (10, 11) support the view that malic 
acid is formed in succulents by the partial oxidation of sugars. However, 
RuHLAND and Werzex (58, 59) and Kostycuev (36) attribute the formation 
of organic acids to the oxidative deamination of amino acids resulting from 
‘‘protein respiration.’’ This view has been severely criticized by BENNET- 
CLARK and Wooprurr (10) who consider malic acid a product of ‘‘sugar 
respiration.’’ Vickery et al. (76) in the interpretation of their results 
claim to have obtained a much closer association of malic acid with earbo- 
hydrates than proteins although the participation of the latter was not ex- 
cluded, and state the case as follows: ‘‘ Although the interpretation assigned 
to the various changes is speculative, there is no doubt that respiration in 
the leaf blades involved substances other than carbohydrates very early in 
the culture period and the conclusion is drawn that a part of the protein 
of the blade was included in the reaction. It is suggested that the residues 
of the amino acids, after these had been oxidatively deaminized, were sub- 
sequently to an appreciable extent completely oxidized, presumably by 
mechanisms allied to those provided for the oxidation of fatty acids.’’ 

The investigations of Smeris et al. (64, 65) with A. comosus grown in 
light or darkness for different periods under field and greenhouse conditions 
show that titratable acidity was reduced more in the leaves and fruits of the 
plants in darkness than in those exposed to light, although protein hydrolysis 
in the plants grown in darkness was evident by the low values of protein-N 
and the accumulations of soluble organic-N. 

The reduction of titratable acidity, in light, has been explained by Brn- 
NET-CLARK (11) on the principle of Le Chatelier: 


Carbohydrate = malic acid + CO, + energy 


where rises in temperature displace the equilibrium in the direction in which 
energy is absorbed. Although high temperatures accelerate the rate of 
organic acid disappearance from tissues more than low, light is considerably 
more effective, in accordance with the data in table V. 

Intelligent interpretation of the results herein reported may be best 
made in the light of the findings of others in related investigations with 
modern methods of experimental enzymology. 

The data in tables II and VI and in figures 3-D and 4 indicate that the 
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formation of organic acids, at night, was at the expense of sugars. The oxi- 
dation of carbohydrates has been explained by Szent-Gyorey1 (73) by a 
series of reactions involving dicarboxylic acids with 4-carbon atoms. Ac- 
cording to this scheme, these acids, because of the great reactivity of H of 
the a and 8 C-atoms, serve, after activation by hydrogenase, as catalytic 
H-carriers, the H-atoms oxidized by cytochrome while the dehydrogenated 
acid is ready to take up two new H-atoms from the H-donator. 


TRICARBOXYLIC ACID CYCLE AND RELATED REACTIONS WITH NITROGEN 












CARBOHYDRATE 
TRIOSE PHOSPHATE 
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COOH COOH... ¢ 00H 
CH2 CH. Freer} Ha 
CHOH C:COOH~-*2° ~=HOC-COOH 
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| + i Secitac-ommvenoaensse 
COOH coon. a 
y CHa 
GMs HC-COOH 


COOH 


: co 
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Fie. 5. Tricarboxylie acid cycle according to KREBS (42). 


However, before sugars are oxidized to four carbon atom dicarboxylic 


acids they undergo a series of reactions, according to Barron (6), involving 
glycolysis, phosphorylation, dismutation, and dephosphorylation, converting 
them to pyruvic acid. All such reactions are reversible except the dephos- 
phorylation of phosphopyruvate, the latter possibly involving uptake of CO, 
leading to the formation of four carbon dicarboxylic acids which upon oxida- 
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tion yield phosphopyruvate. Pyruviec acid may be converted after CO, fixa- 
tion to oxalacetic acid, a four carbon atom dicarboxylic acid. 

Kress (39) has introduced a modified form of the four-carbon dicar- 
boxylie acid scheme of reactions of Szent-Gyoreyr (73), known as the tri- 
carboxylic acid cycle, whereby the oxidation of carbohydrates follows a 
course via citric and other related tricarboxylic acids, as indicated in figure 5. 

The mechanism of oxidation of carbohydrates depends on oxalacetate 
which, acting as a catalyst, bears no stoichiometrical relationship to the 
amount of carbohydrate oxidized. Oxalacetate may be derived from sub- 
stances mostly always present in plant tissues, such as aspartate, glutamate, 
citrate, malate, fumarate, succinate and from pyruvate by CO, fixation. 
Also, certain amino acids yield oxalacetate by transamination. 

The presence, in plant tissues, of the various dicarboxylic acids, men- 
tioned above, and the corresponding dehydrogenases coupled with the ability 
of plant tissues to utilize these acids as metabolic substrata, according to 
certain investigators (18, 21, 52, 57, 58, 59, 69, 74, 75, 76, 77), suggests that 
the series of reactions involved in carbohydrate oxidation follow a course 
similar to that outlined by Kress (42) for the tricarboxylic acid cycle in 
figure 5. 

Although the various reactions, as outlined by Barron (6) have not 
been studied as extensively in plant tissues as in yeasts and animal tissues, 
there is evidence indicating that plant tissues constitute no exception. 
JAMEs (58, 59, 60) observed that hexosediphosphate, phosphoglycerate and 
pyruvic acid were formed by barley sap from glucose in the presence of 
adenylic acid, thus demonstrating the necessity of phosphorylation for ecar- 
bohydrate breakdown, and the ratio of CO, formation to inorganic P dis- 
appearance constitutes additional evidence in favor of phosphorylation. 
Also, the results of BONNER and WitpMaAwn (15) show that brei from spinach 
leaves was capable of producing fructose diphosphate and glycerophosphate 
in the presence of glucose, and the amount of phosphorylated compounds 
produced was augmented in the presence of adenosine triphosphate, sug- 
gesting that hexose breakdown possibly follows a phosphorylytie pattern 
similar to that in yeast and muscle. 

The data in table IV show that malic acid disappearance in the tissues 
from 6 A.M. to 6 P.M. was 75.5% of the total while citric acid was 37.3%. 
Citrie acid was presumably more stable than malic acid in A. comosus as 
well as in Robinia, according to PurJEwitscH (35). 

The disappearance of organic acids from leaves in light, at day, is at- 
tributable by Wotr (83) to carbohydrate resynthesis which may be effected 
by a reversal of the series of reactions involved in carbohydrate oxidation. 
All such reactions are reversible, according to Barron (6) except the de- 
phosphorylation of phosphopyruvate. Reversal of the reaction from glucose 
to starch, in plants, was effected by Hangs (27, 28) and from glucose to 
glycogen in animals by CoLowicK and SUTHERLAND (18). Reversibility of 
the series of reactions from glucose-6-phosphate to lactate was effected by 
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GREEN et al. (25) and from lactate to pyruvate by Exuior et al. (22) anid 
Barron and LYMAN (7). 

Certain of the reactions for the oxidation of carbohydrates, suggested by 
SzenT-Gyorey1 (73) and Kreps (39), may not apply to all plants. For 
instance, in animals the oxidation of H-atoms in the systems 


+2H 
(I) Fumarate —————> succinate 
succinic dehydrogenase 
(II) Succinate + cytochrome B — Fumarate + 2H-ions 
+ eytochrome-C 





cytochrome oxidase 
(III) Cytochrome-C + 2H-ions — cytochrome A + H,O 





may be accounted for by the presence of cytochrome. But in A. comosus, 
where the presence of cytochrome is questionable because of the negative 
results obtained by chemical analysis of the tissues by the method of KEmIn 
and Hartree (35), the oxidation of H atoms may follow a different course. 
Also, negative results for cytochrome-C were obtained in spinach leaves by 
BonNER and WILDMAN (15) and those obtained spectroscopically by Gop- 
parD (24) in wheat germ were very low. 

In order to explain the discrepancy BONNER and WiLpMAN (15) assumed 
that suecinie dehydrogenase in spinach may be different from that in animal 
tissues and its possible oxidation in the absence of cytochrome is effected by 
a quinone carrier, in accordance with MICHAELIS’ (46) concept 


O— OH 

ln x 
ie. ee eee ee 

moos 

\Y \Y 

| | 

o— OH 
Hydroquinone ion Hydroquinone 


where the 2H from succinic dehydrogenase reduce the hydroquinone ion to 
hydroquinone. 

However, the leaves of A. comosus either lack completely or contain 
exceedingly small amounts of phenolic compounds related to hydroquinone 
to take up H from dehydrogenases, but they contain great amounts of 
ascorbic acid. According to SzENT-Gyorey1 (73) ascorbic acid undergoes 
reversible oxidation by ascorbic oxidase, in the presence of oxygen to de- 
hydroascorbie acid, the H presumably transferred to oxygen forming, re- 
spectively OH or hydrogen peroxide, and the latter reaction with peroxidase, 
which according to unpublished data of the authors, is plentiful in the 
chlorophyllous tissues of the leaves of A. comosus to oxidize more H atoms. 
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CH,: OH CH, OH 
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HO—C—H HO—C—H 

H—C————_ H—C———_—_ 
I | | 
C—OH HO—C—OH | 

O+H,0+ 0 | O 
C—OH ——_> HO—C—OH 
| aes 
(‘(——_——_- C————_— 
| 
O O 
Ascorbic acid Dehydroascorbie acid 


The system ascorbic acid-dehydroascorbic acid has been investigated by 
Barron (5) who claims that the reaction of ascorbic acid with cytochrome 
(electromotively active iron-porphyrins) provides a mechanism for the gen- 
eration of peroxides in the cell : 


(1) Ascorbic acid + 2 Fe*** —————> dehydroascorbie acid + 2 Fe** + 2H 
(2) 2 Fet+ +O, ————> 2 Fe*** + HO, 


Huszax (30) found that ascorbic acid may be oxidized by H.O, in the pres- 
ence of flavones acting as catalysts. 

Peroxides generated in the tissues in the manner suggested by BARRON 
(5) may be decomposed by peroxidase which is plentiful in the chlorophyl- 
lous tissues of the leaves of A. comosus. GAFrRon (23) has suggested a type 
of peroxides, not hydrogen peroxide but of the type Y(OH),, may be gen- 
erated in tissues which play a very important role in the respiration of the 
cells and, also, in the oxidation of malic acid. The Y(OH), type of peroxide 
may be decomposed by photocatalase during photosynthesis. 

The changes in residual-N and extractable-N were attributed presumably 
to changes in the degree of hydration and dispersion of the proteins in the 
cell at different H-ion. This is in agreement with the observations of Krauss 
(39) which indicate that the physical state of the chloroplasts in the leaves 
of Bromeliaceae undergoes changes in the morning, noon and afternoon. 
The chloroplasts are shown in the morning to be ellipsoidal in shape and t 


TABLE IX 


PLANT WEIGHTS AND TOTAL ACIDITY IN TOMATO PLANTS GROWN IN NITRATE AND 
AMMONIUM CULTURES FROM CLARK (17 


TOTAL ACIDS 
eSH WT. 
Cuurunes FRESH WT M.E. IN 100 GM. DRY TISSUE 
LEAVES STEM LEAVES STEM 
gm, gm. m.é, | m.e. 
NO, 94.4 175.6 153.0 147.0 
NH, (concentr.) 38.7 53.7 71.0 65.4 





NH, (dilute) 37.6 69.1 73.8 
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their constituting material to have a definite structural configuration which 
conforms with the concept of SHarp (60), that the chlorophyll is confined 
to numerous small platelets, or grana, embedded in the cytoplasmic stroma. 
During the progress of the day, starch begins to form within the chloroplast 
until the latter appears to be made up almost entirely of a conglomerate of 
starch grains which gradually break away from the chloroplast and become 
free in the cell. When no more starch grains remain within the chloroplast 
the latter appears as a pale green, sometimes hardly visible, body, the con- 
tents of which appear wholly homogeneous, that is, not segregated into dis- 
tinet ellipsoid bodies. 

These observations on the physical state of the chloroplasts, that, in the 


TABLE X 


COMPOSITION OF THE SOLUTIONS OF NUTRIENT CULTURES IN N, K, Ca AND CL, PLANT 
WEIGHTS AND TITRATABLE ACIDITY, AS PERCENTAGE OF CITRIC-MALIC ACIDS, 
OF THE CHLOROPHYLLOUS NO. 4 SECTIONS OF THE ACTIVE (D) LEAVES 
AND COMPARISONS OF PLANT WEIGHTS AND ACIDITIES AND RE- 
MARKS ON POSSIBLE CAUSES FOR THE DIFFERENCES OBSERVED; 
ALSO, CORRELATION OF PLANT WEIGHTS WITH LEAF ACIDITY 





























ELiMENTS IN CULTURES nisin “enn 
a. ven Gee PLANT COMPARISONS 
é | RATIOS 
Z Ds creme Deere: EEE 
2 nD ; ta) L Mw 
5 | E FE | 8 Be ea 
3 = S S¢ = a fs 
oe | * - ™ — © 54 _ S I 
o+ & | i oS o = < D = < lo 
mg. mg. mg. | m g.| gm mg. 
5 140 39 40 | 70 | 3226 19.5 | 
6 | 140 39 4 | 7 | 2361 | 16.0 5-6 1.37 | 1.22 |: 
11 28 195 40 | 72 4672 20.8 
12 28 195 4 | 7 4550 20.1 11-12 | 1.03 1.03 | 
13 28 39 | 200 | 280 | 3492 | 12.5 | High Cl 
14 28 39 40 0 | 3588 | 19.3 | 14-13 | 1.03 | 1.55 | 
16 | 28 4 | 200 | 280 | 1646 | 6.4 | | | High Cl 
17 | 28 4| 40] 0 | 2059 | 185 | 17-16 | 1.25 | 2.89 | 
20 3.5 | 195 | 40 | oO | 1840 | 115 | LowN 
23 3.5 39 | 200 | 360°} 1486 | 10.2 | 20-23 | 1.23 | 1.13 | LowN 
and 
| high Cl. 








Correlation coefficient, r= 0.86; t = 4.870; required for significance at P 0.01 t = 3.355. 

* N = nitrate-N. 
morning, are organized into distinctly visible particles, which, with the 
progress of the day, lose gradually their original structure and finally be- 
come a homogeneous mass of matter conform with assumptions advanced to 
explain the differences in non-extractable protein-N, designated as resid- 
ual-N, at different diurnal intervals. The greater values of residual-N at 
the high H-ion concentrations of the sap, in the night and early morning 
suggest that the chloroplastic proteins were in a state of contraction and low 
degree of dispersal in the sap of the cell by the loss of water of hydration 
thus forming the distinct ellipsoid particles observed by Krauss (39). But 
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with the advance of the day, increased light and the lowering of the concen- 
tration of H-ions the chloroplastic proteins presumably expanded by in- 
creased hydration and dispersal of their particles in the cell, which, aceord- 
ing to Krauss (39), appeared as a wholly homogeneous pale green mass 
without the distinct ellipsoid bodies. 

The assumption of chloroplastic protein particles being subject to ex- 
pansion or contraction by differential hydration is supported by the in- 
vestigations of OsTErHOUT (48, 49) who observed in Nitella that chloroplasts 
contract under natural conditions or under the influence of certain reagents 
or when a sufficient amount of water enters any part of the cell. Such con- 
tractions may be reversed by removal of the agents causing contraction. 

Protein particles may change size by differential hydration and subse- 
quent expansion or contraction following neutralization of the electric 
charge by H-, OH-, or other ions at pH above or below the isoelectric point. 
According to Hircucock (29), the permeability of collodion membranes 
coated with protein, as measured by the flow of water or dilute solutions, 
was greater near the isoelectric point of the protein and smaller with in- 
creasing concentration of acid or alkali, suggesting dehydration with sub- 
sequent contraction at the isoelectric point and hydration with subsequent 
expansion at pH above or below. Irwin (31) observed that the rate of exit 
of the dye was increased when the pH value of the sap of Nitella was raised 
by penetration of NH;, but when the pH was lowered by an entrance of 
acetic acid the rate of penetration of dye was increased or decreased depend- 
ing on the condition of the protoplasm in the cell. 

The studies of BANGA and SzeEntT-Gyoreyi (4) on the structure of the 
proteins of chloroplasts reveal that they are highly viscous, thixotropic and 
exhibit streaming double refraction; the last property placing them in the 
fibrous group. This group, according to AstBuRy (2) and Epsaui and 
MEHt (21), have the ability to unfold and refold, become stretched or con- 
tracted, and being exceedingly sensitive to the effects of denaturing agents 
cease to exhibit streaming double refraction. 

The relationship of environmental factors to tissue acidity at different 
diurnal intervals is not clear. RuHLAND and Werzeu (57) are of the opin- 
ion that, in Begonia, rich nitrogen manuring causes a considerable rise in 
acidity. Brnnet-CuarKk (10) found that two plants of Crassula laectea of 
the same age, which were cuttings from the same parent plant but grown in 
two different soils, had titratable acidities of 8.3 and 2.2 mg. per 100 gm. 
of fresh weight at the diurnal maximal acidity in June. BENEcKE (9) and 
CuarK (18), finding that plants supplied with nitrate-ions produced more 
acidity (total acidity not titratable or free acidity) in the tissues than simi- 
lar plants with ammonium-ions, attributed the increased acidity in the NO, 
cultures to the neutralizing effects of the bases with which NO, was asso- 
ciated which were absorbed more from the NO, than NH,* eultures. BEN- 
NET-CLARK (13), attempting to interpret the results of CuarK (18) that 
plants cultured on ammonium salts produced almost no oxalic, malic, or 
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citric acids, but that asparagine and glutamine were increased, comments, 
as follows: ‘‘The significance of this is hard to interpret: it suggests that 
ammonia traps acids of the malic-oxalic group, or some precursor of them, 
with resultant amide formation, but it is not clear why the same equilibrium 
concentration of these acids should not be established in both nitrate and am- 
monium cultures, ete.’”” However, recapitulation of CLArK’s (18) data, in 
table IX, shows that plant weights were related directly to tissue acidity in 
both nitrate and ammonium cultures, which is in agreement with the results 
in tables VI and X. Also, the data of Vicxrry et al. (77) show relationship 
between organic acids and tissue weight in Narcissus poeticus. Moreover, 
other studies of the authors (68, 69) have shown that the amounts of free 
organic acids in the tissues of A. comosus, grown in solution cultures and 
supplied with nitrate or ammonium ions, were related directly to the rate of 
growth as indicated by plant weights rather than to the kind of nitrogen 
supplied to the roots. 

Data from unpublished studies by the authors reproduced in table X, 
show that tissue acidity at comparable diurnal intervals is directly related 
to plant weights and presumably to the rate of metabolic activity. This 
relationship, indicated by a correlation coefficient of r= 0.86 and t = 4.87, 
is statistically significant at the P 0.01 level. Reduction of plant weights, in 
table X, was caused either by insufficient amounts (3.5 mg. per liter) of 
nitrogen or by high concentrations of chlorides in the culture solution. 

The omission of plant weights in the studies of BENNET-CLARK, RUHLAND 
and WETzeEx and other investigators makes impossible any comparison be- 
tween plant growth and tissue acidity. 

The generation of greater acidity in the green tissues of plants with high 
rather than low growth rates is presumably related to the rate of sugar 
oxidation by respiration with malice acid and citrie acids as end products. 
BENNET-CLARK (11) claims, from data on respiration, that during the phase 
of acid accumulation, RQ values much lower than unity were obtained and 
these were succeeded during the phase of acid disappearance, by values 
higher than 2.0, indicating that more than half of the acid reduced was 
possibly converted into carbohydrate. 

It is suggested that in A. comosus the index of respiration in relation to 
malice acid synthesis or breaking down should be studied simultaneously in 
chlorophyllous and nonchlorophyllous leaf tissues to yield satisfactory com- 
parative results, since the chlorophyllous tissues are better adapted to acid 
accumulations, in darkness, than the nonchlorphyllous tissues. 


Summary 


Diurnal changes affected greatly the chemical composition of the chloro- 
phyllous tissues of the leaves of Ananas comosus. 

The concentrations of ascorbic acid in the chlorophyllous tissues at dif- 
ferent diurnal intervals varied slightly. Such variations were related pos- 
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sibly more to the carbohydrate ‘supplies in the leaves than to diurnal 
intervals. 

Titratable acidity of the tissues, composed mostly of malie and citric 
acids, increased in darkness, at night, but decreased in light, at day; being 
highest at 6 a.m. and lowest at 6 p.m. About 75% of malice acid and 37% of 
citric acid disappeared in the tissues from 6 A.M. to 6 P.M. 

Total sugars decreased in darkness, at night, but increased in light, at 
day, being lowest at 6 A.M. and highest at 6 p.m. Also, more sugars were 
found in the chlorophyllous tissues of the leaves of plants with low than high 
growth rates, indicating less utilization by the former than latter plants. 

Titratable acidity was inversely related to total sugars, suggesting pos- 
sible generation of acidity after oxidation of sugars by processes allied to 
respiration. 

Plant growth, as measured by leaf or plant weights, correlated positively 
with titratable acidity and negatively with total sugars, suggesting that the 
rate of metabolic activity and, in turn, of respiration, being greater in plants 
growing more than less rapidly, caused the generation of more acidity at the 
expense of sugars in the large than small plants. 

Residual nitrogen, i.e., the insoluble fraction in macerated tissues after 
extraction of the water soluble fraction, was greater from tissues collected at 
intervals in darkness, at night, than in light, at day, but extractable nitro- 
gen, in the water soluble fraction, was reversed. The increase in extract- 
able nitrogen was attributed to a greater hydration and dispersion in the 
cells of the proteinaceous residual-N fraction in light than in darkness by 
changes in the acidity of the tissues which presumably modified the sizes of 
protein particles by swelling or contraction and either facilitated or retarded 
the extraction of residual nitrogen from the cells at different diurnal 
intervals. 

The various data are discussed and interpreted as well as possible in the 
light of recent advances in enzymology. 

PINEAPPLE RESEARCH INSTITUTE 
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Phytohormones or auxins are now important agents for growth control 
in the fields of both pure and applied physiology (32). Their practical 
application in agriculture is increasing rapidly in variety and importance 
and their use, along with modern biochemical methods, promises great prog- 
ress in the understanding of fundamental growth processes. One of the 
chief basic problems, the relation of respiratory mechanisms to growth, is the 
general subject of the present investigation of the effect of 2,4-dichloro- 
phenoxyacetie acid (2,4-D) on the respiration of bean stem tissue. 

There is already considerable evidence of a close relation between the 
growth-promoting action of auxins and changes in respiration. BONNER (7) 
first pointed out such a relation between auxin-induced elongation in Avena 
eoleoptile and respiratory stimulation. THIMANN and co-workers (11, 29) 
later associated this auxin action with an iodoacetate-sensitive fraction of 
respiration which involved the metabolism of the 4-carbon-dicarboxylie acids 
and which seemed to control the rate of elongation and cyclosis. BERGER and 
Avery (6) have further demonstrated that the activities of at least two de- 
hydrogenases in Avena are increased following auxin treatment. It has also 
been shown with a variety of tissues that auxins can stimulate the nonosmotic 
uptake of water and salts which depends upon respiratory energy (18, 32, 
33). In the case of bean seedlings there is abundant evidence (1, 20, 21, 22) 
of metabolie changes which must involve respiratory stimulation and in the 
ease of 2,4-D treatment, specifically, Brown (8) has recently shown an actual 
increase in the rate of CO, evolution in whole seedlings following treatment. 

Though there has been extensive study of the relation of growth stimu- 
lation and respiration in the Avena coleoptile where elongation is involved, 
there has been relatively little investigation of tissues where cell division 
predominates. The bean seedling was chosen as an example of the latter 
type of response for the present work because there has been considerable 
study of its general physiological and histological response to auxin treat- 
ment, including 2,4-D, by the Chicago and Beltsville groups (1, 3, 4, 8, 16, 
20, 21, 22) and because abundant material for biochemical analysis can be 
produced conveniently. This report covers exploratory investigations of 
changes in respiratory characteristics of bean stem slices caused by 2,4-D 

1 Journal Paper no. 718, New York State Agricultural Experiment Station, Geneva, 
N. Y., July 24, 1947. 

2 Present address, Biochemistry Department, University of Rochester Medical Center, 
Rochester, N. Y. 
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including the following: (1) the correlation of gross changes in respiration, 
composition, and histology following treatment; (2) the action of added 
respiratory inhibitors and substrates on.slices from treated (T) and un- 
treated (U) plants; and (3) the effect of 2,4-D on slices in vitro. 


Materials and methods 


California Red Kidney bean seedlings (Phaseolus vulgaris) were grown 
in pots of composted soil in the green house during the springs of 1945 and 
1946. Plants were selected for uniformity as the second internode was 
beginning to elongate and treated with two drops of 0.1% 2,4-D, containing 
0.5% Carbowax 1500, on the base of each primary leaf. Seedlings were 
harvested about 9:00 a.m. and slices of the first internodal tissue for mano- 
metric determination or incubation were cut immediately. 

The stem slices behaved satisfactorily in the Warburg respirometer at 
30° C. though rather large amounts of tissue were required especially with 
older U (untreated) plants. Washing of the slices in aerated tap water 
tended to stabilize the rate of oxygen consumption without causing serious 
declines, after as long as 24-hour washing in some cases; 2- to 3-hour wash- 
ing, however, was used routinely. Neither buffer strength nor pH had a 
marked effect on the rate and a 0.02 M, pH 5.7 phosphate buffer was adopted 
(10). Investigation of the effect of slice thickness and O, tension on rate 
showed that, while pure O, and air atmospheres gave the same rates with 300 
micron slices, at 500 and 1000 microns O, gave slightly higher rates which 
were independent of slice thickness in this range. For routine work, there- 
fore, free-hand sections of from 400 to 800 microns and an O, atmosphere 
were used. The technic of measurement and computation followed Drxon 
(12) : aerobic respiration was expressed as microliters of O, consumed per 
mg. dry weight per hour (Qo, DW) and anaerobic glycolysis as microliters 
of CO, evolved in a N, atmosphere (Q*? DW); the respiratory quotient 
(RQ) was determined by the Warburg direct method. The rates were also 
computed as microliters per mg. of nitrogen (Qo, N,Q*;,N). No significant 
difference in rates was found between duplicate systems in the light and dark 
under the prevailing experimental conditions so routine determinations were 
not made in complete darkness. Sampling errors due to stem variation were 
found to be adequately controlled in comparison with other experimental 
errors by lumping slices from 8 to 12 stems. 

Dry weight determinations were made on slices transferred from the 
Warburg flasks and dried overnight at 75° C. in a forced draft oven. Total 
nitrogen analyses were made on the same samples except where soluble and 
insoluble fractions were determined. The latter and the carbohydrate analy- 
ses were on unused portions of the original slice sample dried as above. 
Methods of analysis were those reported previously (27) except in the case 
of the nitrogen fractions where 75% alcohol was used for extraction of 
soluble nitrogen and a scale reduction of the PucHER, LEAVENWORTH, and 
VICKERY method (26) was used for samples containing nitrate. 
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Histological examinations and area estimations were made on sections 
from the same stem samples fixed and stained with safranine and fast-green 
(30). Typical sections were projected, traced on uniform drawing paper, 
and the relative areas of meristematic tissue estimated by cutting out and 
weighing the appropriate pieces. 

Results 


CHANGES IN GROSS COMPOSITION AND HISTOLOGY 


Three separate experiments were carried out to establish the general over- 
all changes in respiration, nitrogen and carbohydrate content, and histology 
of the slices following treatment. The results of one of these, typical of the 
three, are summarized in figure 1 and table I. The histological changes 


TABLE I 


CHANGES IN COMPOSITION AND I/N OF TREATED (T) AND UNTREATED (U) 
BEAN TISSUES FOLLOWING 2,4-D TREATMENT 




















Tine LEAF STEM I/Nt 
— Sotvu- | StTarcu- | Soiv- | STarce- Ravel ee 
TREAT- . - | % INSOLU- 
BLE DEX- BLE DEX- ToTaAL-N Sai U ? 
MENT Be ° BLE-N 
SUGARS TRINS SUGARS TRINS 
T/u* | T/u* | T/U* | T/U* T/U* T/Ut 
ites, | Ce 0.87 3-43 _ 9 94| 7 -1.00 | 0.301 | 0.311 
3.65 77 
2° om 
3days | 1.20 0.05 0.50 0.25 | S-=1.34 0.311 | 0.368 
eee 
5.44 P 
5 0.64 | 0.03 | 0.31 | 0.08 | = =2.42 0.400 | 0.332 
pct ee 
7 0.46 | 0.07 | 0.21 0.06 ts -4.60 | -==0.93 | 0.390 | 0.284 
wwe ‘ 
9 0.38 | 0.06 | 025 | 003 | + =3.50| 7 =0.96 | 0.365 | 0.175 
i 2) ie 


























* Ratio of concentrations in T and U tissues on dry weight basis. 
t Ratio of per cent insoluble nitrogen of total nitrogen. 


N 0 
j= Qco, Q She (from data used in figure 1). 


followed closely those reported by Beau (4) and Swanson (28). By the 
first day there was no definite abnormal meristematic activity in treated 
plants but by the third day there was extensive cell division in the cambium 
and endodermis and considerable activity in the phloem and medullary rays. 
By the fifth day there was a wide band of active tissue extending from cam- 
bium to endodermis especially in the interfascicular region. The proportion 


of actively dividing tissues (fig. 1) increased to about the ninth day when 
the cortical tissues were largely crushed by numerous root primordia. 

The changes in total sugars and starch-dextrins (table I) were similar 
to those found by MiTcHELL and co-workers (20, 21, 22) in beans treated 
with indoleacetie and naphthaleneacetie acids and by SmirH, HAMNER, and 
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CARLSON (27) in bindweed treated with 2,4-D. The starch-dextrins reached 
the minimum level by the third day after treatment in the leaves and by the 
fifth day in the stems. Total sugars in leaves rose slightly by the third day, 


30 T T T T tT 














R.Q.1.0 == 
a 


og9F U o— A 4 








Dw ’ i 





N 
oO 
oO 

s:e 8 

, “ 

af c\ a 

\ 

Oo Oo 

° 2 

oO z 
< 

\ 

\ 

\ 

\ 

\ 

2) 2 

! 

! 

41 

| 

! 

! 

1 

! 

! 

! 

ie) ° 

\\ ," 

\ 

LA 

















oF 
° 
"os gl ; 
Q 8 On 
? U ee , 
i 
6 } Te in 
100 «6S F Qn: N oo 
T COs - "aii 
¢ ————__ 
a U ~ 
3 + 2 ——— 
2 0 -—---—- = — ~~ 6-------~- 
U Qre DW 
it COa 
i . i A. 
\ 3 5 7 9 


DAYS 
Fig. 1. The changes in respiratory characteristics of bean stem slices treated (T, 
solid line) and untreated (U, broken line) with 2,4-D. Qo, DW and Qo, N are ul. of O, 
uptake per hour per mg. dry weight and per mg. total nitrogen, respectively ; R.Q. is 
respiratory quotient; % M. T. is percentage area of meristematic tissue of total area 
of section. 


then fell steadily. In the stem the drop was quicker to a lower minimum by 
the seventh day. There was a very marked rise in total nitrogen in the stems 
with a significant difference between U and T tissues by the third day and 
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a maximum difference by about the seventh day. These data support the 
general picture of MircHE.LL and others (1, 20, 21, 22) that auxin treatment 
causes a rapid mobilization of carbohydrate reserves, increased utilization in 
the regions of meristematic activity, diminished production in the leaves, and 
eventually a deficiency in the former regions. Likewise, there was a marked 
accumulation of nitrogen in the regions of meristematic activity and no evi- 
dence of deficiency. It should be noted that most of the present determina- 
tions were based on dry weight because of the substantial difference in water 
content of U and T tissues (8). It is not an ideal basis because of obvious 
differences in the dry matter changes in U and T tissues and it must be used 
with caution. 


RESPIRATORY CHANGES 


The changes in respiratory capacity of the slices following treatment also 
were quite characteristic (fig. 1). Within 24 hours there usually was a sig- 
nificant difference in Qo, DW between U and T tissues. Rates of the former 
dropped steadily throughout the 9 days perhaps due largely to changes in 
percentage dry weight with maturation but possibly also to an actual de- 
crease in respiratory capacity per ‘‘unit of respiring protoplasm.’’ Rates 
of T slices increased to a maximum by the seventh to ninth days which varied 
from 2.5 to 4 times the corresponding rates of U slices. The drop by the 
ninth day in the experiment of figure 1 was probably caused by the degenera- 
tive changes in the tissues which eventually resulted at this level of 2,4-D 
treatment. ‘2, DW showed somewhat smaller differences but followed the 
same trends. There was a characteristic difference in the RQ’s of T and U 
slices beginning between the first and third days and then diminishing from 
the seventh to ninth days. The I/N index (Q*? /Q®:) measuring relative 
glycolytic and respiratory capacity also showed a distinet difference between 
T and U slices after three days (table I). 

The trends of Qo, and Q*? on a total nitrogen basis for T and U slices 
were reversed over those on a dry weight basis. Since little change was 
found in the percentage of insoluble or protein nitrogen (of total nitrogen) 
(table 1) these trends may be interpreted roughly as changes in respiratory 
activity per unit of protein which should be closer to a ‘‘unit of respiring 
protoplasm’”’ basis than those based on dry weight. On this assumption it 
appeared that both aerobic and anaerobic respiratory capacity of T slices 
had declined while that of U slices had increased. 


EFFECTS OF RESPIRATORY INHIBITORS AND SUBSTRATES 


Further investigation of the effect of 2,4-D treatment on respiration was 
confined to slices at the 7- to 10-day stage after treatment on the assump- 
tion that any qualitative differences in respiratory metabolism would be most 
accentuated at this stage. These comparative tests of the effect of added 
respiratory inhibitors and substrates were carried out on several lots of seed- 


lings in both 1945 and 1946. 








SMITH: EFFECT OF 2,4-D 75 


Chief attention was given to iodoacetate inhibition: first, because of possi- 
ble metabolic similarities between the abnormal meristematic regions of T 
tissues and animal tumor tissues which characteristically have pronounced 
glycolytic activity (9) ; and second, because of the relation of an iodoacetate- 
sensitive fraction of respiration to elongation in the Avena coleoptile (11, 
29). The inhibition of both Qo, and Q*:, determined at varying iodoacetate 
concentrations is summarized in figure 2. The question raised by TURNER 
(31) of the slow attion of iodoacetate, especially aerobically, was considered 
but no evidence of increasing degree of inhibition from 30 minutes to 2 hours 
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M |ODOACE TATE 
Fie. 2. The effect of iodoacetate concentration on the percentage inhibition of 
Qo, DW and Qco, DW of treated (T) and untreated (U) bean stem slices. 

was observed with the present material. The sensitivity of the bean slices 
fell in the same general range as those of yeast and carrot root slices (31) 
which suggests that the principal site of inhibition may be the triose-phos- 
phate dehydrogenase as has been demonstrated in yeast (13). There was no 
clear ‘‘differentiating concentration’’ in the LuNpsGAARD sense (31) with 


se 


either U or T slices ; in fact, with the latter there was no significant difference 
in sensitivity between the aerobic and anaerobic activity at all, both reaching 
maximum inhibition at 70-75%. The aerobic sensitivity of the U and T 
slices also was similar but an anaerobic sensitivity of U slices was 
almost 10-fold greater than that of T slices and it reached complete inhi- 
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TABLE II 


THE EFFECT OF SEVERAL RESPIRATORY INHIBITORS ON THE OXYGEN CONSUMPTION 
(Qo, DW) OF TREATED (T) AND UNTREATED (U) BEAN STEM SLICES 























PERCENTAGE INHIBITION OF Qo, DW 
INHIBITOR Conc. oceans medal 
U ¥ 

mol. % % 
Cyanide 0.01 95 

0.001 80, 69 85, 90 

0.0001 19, 13 28, 47 
Fluoride 0.05 90, 84 91, 90 

0.01 59 62 

0.002 8 32 
Azide 0.005 80, 89 75, 74 

0.001 70, 75 77 

0.0002 35, 41 46 
Malonate 0.001 0, 8 0, 8 





bition. The interpretation of these data is difficult but they suggest that 
some significant difference in the glycolytic phases of metabolism existed. 

A few tests of the relative sensitivity of T and U slices to other respira- 
tory inhibitors are summarized in table II. No distinct differences were 
observed. 

Some preliminary tests of the effect of added substrates on the Qo, of U 
and T slices also were made (table III). Glucose usually caused larger 
increases in the Qo, of T slices (40-50% ) than of U slices (20-30% ) initially 
but the difference was less distinct after 2-hour incubation. Citrate behaved 


TABLE III 


THE EFFECT OF ADDED RESPIRATORY SUBSTRATES ON THE OXYGEN CONSUMPTION 
(Qo, DW) OF TREATED (T) AND UNTREATED (U) BEAN STEM SLICES 

















. RATIO OF Qo, DW’S WITH AND 
CONDITIONS 2 
WITHOUT SUBSTRATE 
U T 
SUBSTRATE TIME ADDED _ $$ - 
INITIAL* FINAL* INITIAL* ; FINAL* 
0.02 M glucose 0 time 1.25 1.27 1.46 1.46 
ae = 1.20 1.30 1.42 1.76 
—- 2 hr. treatment t 1.59 1.50 1.52 1.52 
- ae 1.37 1.37 1.48 1.77 
0.02 M citrate 0 time 1.39 1.10 1.26 0.75 
sg wri 1.74 0.65 1.45 0.83 
re 2 hr. treatment 0.82 0.38 1.02 0.60 
ee sia 0.22 0.22 0.40 0.21 
0.002 M citrate 0 time 1.2 1.24 1.37 0.68 
0.02 M pyruvate sty 1.29 | 1.08 
"7 e¢ 1.53 | 1.27 1.28 0.82 
3.02 M succinate ve 1.23 | 1.12 











* Based on rates from 0-30 min. (initial) and from 170-200 min. (final). 
t Pretreatment: aeration at 30° C. in presence of substrate. 
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quite differently, at first with very erratic results. This was traced to the 
fact that it first caused an increase in Qo, and then an inhibition. When 
previously incubated with citrate for 2 hours both U and T slices showed 
only inhibition. There was evidence, however, that T slices were somewhat 
more sensitive to this effect, occasionally failing to show the initial aecelera- 
tion at all or being inhibited more rapidly. This was especially true at the 
lower concentration of citrate. Pyruvate and possibly succinate produced 
a similar effect. 


EFFECT OF 2,4-D IN VITRO 
, While investigation of the respiration of U and T slices at an advanced 
stage (the end result of 2,4-D stimulation) may suggest a mechanism by 


TABLE IV 


THE in vitro EFFECT OF 2,4-D ON BEAN STEM SLICES APTER 48-HOUR 
INCUBATION AT 30° C, 























UNTREATED TREATED 
PLANT MATERIAL 2,4-D iis Ao ae 8 
CONC. , 2,4-D* > 2,4-D* 
Qo, DW ————— | Qo, DW ple: 0th 
CONTROL CONTROL 
p.p.m. 
4-13—‘‘7 day plants’’t 0 1.9 3.2 
10 1.5 0.80 6.0 1.87 
100 0.28 0.15 
4—25—-(no treatment) 0 Boer ea eae San cneges: oleae 
0.1 3.9 1.03 
1.0 4.2 Bae oa oo eee 
10 4.4 SS eee oe oe 
5-14—‘‘5 day plant’’t 0 1.8 eee enor o> 
1 3.6 2.00 7.1 2.29 
10 4.2 2.33 5.4 1.74 
5-16—‘‘8 day plants’’t 0 2.7 4.7 a 
0.1 2.5 0.93 5.3 1.13 
1 2.5 0.93 6.7 1.43 
10 2.5 0.93 | 5.7 1.21 














* Ratio of Qo, DW of system containing 2,4-D to that of control. 
+t Time after treatment. 


which the differences could arise it is also desirable to be able to study the 
tissue as it undergoes the stimulation and under controlled conditions. Bean 
stem slices on the basis of BEAL’s experience (3) promised such an oppor- 
tunity for in vitro 2,4-D treatment of material suitable for manometric 
studies. A number of trials were made with slices, both first and second 
internode, from stems of various ages suspended in aerated liquid media, 
both water and WHITE’s nutrient solution and on nutrient agar. Rough 
microscopic examination showed no definite evidence of stimulated meriste- 
matic activity in any of the trials in liquid media and only inconsistently 
in those on agar. Typical manometric results are summarized in table IV. 
Difficulty was also experienced in controlling bacterial growth during ineu- 
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bation, even in water media with T slices. The data presented, however, are 
considered free of this criticism. The most consistent response was with 
slices from T rather than U plants strangely enough ; only once did the latter 
show marked increases in Qo,. The optimum 2,4-D concentration seemed 
to be from 1-10 p.p.m. and the response was distinct only after about 48 
hours incubation (15). These observations were confined to Qo, measure- 
ments and were without adequate histological control so are not a fair meas- 
ure of the possibilities of the technic. They do encourage further study of 
this kind, however. 
Discussion 


The present work is based on the hypothesis that auxins control growth 
by affecting respiratory processes which furnish the energy and/or building 
units for the synthesis of cellular constituents. Some qualitative or quanti- 
tative changes in respiratory mechanisms (or both) should then result from 
auxin stimulation and the critical question becomes whether such changes 
are the cause or merely the result of the growth response. The answer may 
be sought directly in the order of the appearance of the respiratory changes 
and of the histological and analytical criteria of growth; but the chances of 
success are poor without substantial clues to the nature of the specific respi- 
ratory changes involved. An indirect approach which might furnish these 
clues is the comparative characterization of the respiratory mechanisms in 
treated and untreated tissues after substantial growth response has occurred. 
Investigation of qualitative and quantitative differences of this kind involves 
certain difficulties: in the former case that mechanisms of respiration in un- 
treated tissues, or plant tissues in general, are poorly understood ; and in the 
latter, that a rigorous basis for analytical comparison is difficult because of 
changes in composition of treated and untreated tissues which have already 
occurred. Such changes in composition likewise affect measurements of 
respiratory capacity through variation in enzyme substrates available. Fur- 
thermore, the fraction of respiration associated with growth may be small 
(11) which would make quantitative changes in this fraction on stimulation 
difficult to measure. 

The results of the present efforts to correlate the time order of respiratory 
changes with the growth response were not conclusive though there was 
generally a significant difference in Qo, DW at 24 hours before any definite 
meristematic activity was observed. If respiratory changes had preceded 
growth stimulation it is probably more likely that they would first have 
appeared as changes in the activity of specific enzyme systems rather than 
in overall respiration and the direct approach might be more appropriate if 
it could be made on an enzymatic basis. 

Changes in the formal measures of respiratory capacity (Qo,, Qco,, ete.) 
in U and T slices followed a consistent pattern though somewhat different 
from those found by NEIsH and Hissert (23, 24) in crown gall tumors of 
beet roots and by Waite (34) in tumors and meristematic tissues of Heli- 
anthus and Nicotiana. The beet tumor tissues showed increased oxidative 
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capacity relative to normal tissue on a dry weight basis (ca. 3.2/1) and not 
on a protein nitrogen basis (ca. 1/1) similar to T bean slices; but they had 
RQ’s (0.92) and I/N’s (0.76) higher than normal tissues (0.64 and 0.71, 
resp.) and a definite Pasteur effect. Wuurre found variable oxidative capac- 
ity (Qo, = 1.5-3.7) depending upon the type of tumor and somewhat higher 
than normal fermentative capacity (Q¢s, = 1.7-2.8) but in no case as high 


as in normal meristems (Qo, = 4.5-5.5, Q™s = 3.9-5.3). He concluded that 
there were no significant qualitative changes in the respiratory picture in 
tumor tissues though there was a definite lowering of respiratory level and 
he strongly emphasized the weakness of dry weight as a basis for comparison. 

Close scrutiny of the respiratory data in figure 1 likewise emphasizes the 
limitations of such techniques in the characterization of respiratory mecha- 
nisms. On a protein nitrogen basis T tissues showed lower respiratory 
capacity than U tissues which might indicate that such stimulated meriste- 
matic tissues actually had lower respiratory activity per ‘‘unit of respiring 
protoplasm’’ and imply that respiratory activity was not positively corre- 
lated with growth activity. On the other hand, it might mean that protein 
content was not necessarily correlated with respiratory activity. Growing 
cells in comparison with non-growing cells may conceivably be higher in pro- 
tein content than in respiratory activity and yet show higher respiratory 
activity per cell. 

Several cases of parallel respiratory and growth activity have been ob- 
served: cell elongation in Avena coleoptile (11), cell division in root tips 
(19), and mitotic frequency in certain leaves (5). Bani and Borin (2), 
however, found no clear relation between meristematic and respiratory ac- 
tivity in the shoot apex of Lupinus or Trapaeolum. Most of this work is also 
subject to the criticism above and to the possibility of substrate limitation 
(10). The relation of overall respiratory rate to growth activity remains 
an open question. 

The changes in RQ also may reflect variations in composition of the tis- 
sues; i.e., available substrates, rather than differences in enzymatic mecha- 
nisms. The values for U slices, slightly greater than 1, are not unusual and 
may indicate some respiration of oxygen-rich intermediary acids or some 
aerobic glycolysis (25). The lower value of T slices, on the other hand, 
could indicate the formation of the oxygen-rich acids. However, in tissues 
becoming depleted of carbohydrate substrates and rich in protein, such 
values may merely indicate the oxidation of proteins or protein building 
units under the slice conditions where oxidative activity is likely to be 
accentuated over that in intact tissues. The changes in I/N in T slices could 
also be due to depletion of readily fermentable substrates rather than a real 
decrease in activity of the glycolytic enzyme systems. 

The lower and incomplete anaerobic sensitivity of T slices to iodoacetate 
inhibition may be consistent with the hypothesis that these tissues were rich 
in acid intermediates capable of non-iodoacetate-sensitive decarboxylation. 
There was certainly no indication, however, of any increased iodoacetate 
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sensitivity in T tissues which might be analogous to the Avena coleoptile 
results (11). 

The effects of added citrate, pyruvate, and succinate were similar to those 
on tomato roots reported by HENDERSON and STaurrer (14) and may be an 
indication of KREB’s competitive substrate inhibition principle (17). Though 
these experiments showed no clear evidence of the starvation in T slices that 
might have been expected there was an indication that the acid intermediates 
were relatively better utilized (or were less inhibitory) in U slices and glu- 
cose ; similarly, in T slices. 

While these experiments have shown certain characteristic respiratory 
differences between bean stem tissues with and without 2,4-D stimulation 
under specific conditions, adequate proof that 2,4-D does act on respiratory 
mechanisms is still lacking. Several lines of evidence have been presented, 
however, which should be extended. A more detailed comparison of the 
glycolytic mechanisms in U and T tissues should be made, the products of 
glycolysis identified, and the rates measured. The content and utilization 
of the intermediary carboxylic acids, likewise, should be investigated. From 
this work, which is still the ‘‘indirect approach,’’ may be indicated which 
respiratory enzymes might best be determined in the ‘‘direect approach.”’ 
Further study of the in vitro stimulation of slice tissue by 2,4-D also is war- 
ranted. This technic should provide better controlled conditions of hormone 
treatment and afford much greater flexibility for biochemical study. It is 
hoped that the present work may have provided some suggestions for further 
study of the relation of respiration to growth hormone action. 


Summary 


Results of an exploratory study of the effect of 2,4-D on the respiratory 
metabolism of bean stem tissues is presented. Typical and consistent changes 
in rates of oxygen consumption, carbon dioxide evolution, and derived respi- 
ratory indices followed treatment. These were correlated with changes in 
histology and in carbohydrate and nitrogen fractions. The significance of 
and basis for calculating the respiratory indices is critically considered. 

The principal result of inhibitor studies was the difference in iodoacetate 
sensitivity of slices from treated and untreated plants which may indicate 
differences in the glycolytic phases of respiratory metabolism. Certain dif- 
ferences were also observed in the response of treated and untreated tissues 
to added intermediary metabolites. Jn vitro treatment of stem slices with 
2,4-D yielded somewhat uncertain results but showed promise of becoming 
a very useful technic. 

Finally, the bearing of the present evidence on the hypothesis that auxins 
act through their effect on respiratory processes is considered and sugges- 
tions for further work in this direction are offered. 
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Introduction 


In several previous publications (1, 2, 3, 11), it was shown that treat- 
ment of cottonseed with ammonia and other chemicals prior to storage re- 
duced respiration, heating, and lipolysis in the stored seed. On the basis 
of these experiments, it was concluded that chemical inhibition of biological 
activity resulting in deterioration in seeds is possible of accomplishment, 
and the need for finding new compounds which are active in small concen- 
trations became increasingly important. Heretofore, the number of chemi- 
cals assayed has been limited because of the length of time required to test 
their inhibitory efficiency. For example, the measurement of inhibitory 
action upon lipolysis in cottonseed at room temperature requires several 
months under ordinary conditions of storage before conclusive results can 
be obtained. A quantitative evaluation of the efficiency of an inhibitor, on 
the same basis, requires numerous tests extending over a period of at least 
a year. In order to survey a wide variety of chemicals for inhibitory effi- 
ciency it was necessary to devise a method for rapidly evaluating a large 
number of the potential inhibitors simultaneously, and making accurate 
quantitative measurements of the relative efficiency. 

Two prerequisites of an inhibitor capable of arresting deterioration dur- 
ing storage of seeds intended for processing are: (1) that it minimize bio- 
logical activity leading to deterioration and, (2) that it preserve the quality 
of the derived products. In order to evaluate a chemical rapidly with 
respect to these two properties, experimental conditions must be applied in 
the laboratory which will approximate those existing during commercial 
storage, and which will permit quantitative evaluation of both biological 
activity and the quality of the product after storage. In the case of cotton- 
seed, a method which measures the effectiveness of an inhibitor with respect 
to heating and lipolysis satisfies the above criteria. 

Moist cottonseed when stored in bulk will heat relatively rapidly and 
temperatures as high as 175° F. have been recorded in such seed (13, 14). 
High temperatures have also been recorded during the storage of other types 
of seeds (8, 9, 12, 17, 19). A number of investigators have attributed the 
heating and deterioration of grain during storage to the organisms asso- 
ciated with the grain (12, 15, 16). Such deterioration may be equally as 
well ascribed to the activity of the enzymes in the seeds themselves (5). It 
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eannot be overlooked that the enzymes in the seeds and those in the micro- 
organisms may be responsible in different degrees for the biological activity 
of the seeds. From the results presented in this paper it is not possible 
to conclude definitely what relative role is played by the enzymes from the 
two sources. 

The product of prime economic importance derived from cottonseed ts 
the oil, the quality of which is expressed in terms of refining loss, color, odor, 
and flavor. Extensive deterioration in cottonseed results from lipolysis 
which is reflected in a high refining loss and consequently a low quality of 
erude oil. 

With other oilseeds such as soybeans, flaxseed, and sunflower seed, the 
procedure outlined for cottonseed may be used. For other classes of seeds, 
another measure of quality of the product which is characteristic of the seed 
can be substituted for the measurement of lipolysis. LarmMour (12), for 
example, used a baking test to evaluate the effect of an inhibitor on the 
quality of the flour milled from stored wheat. 

The rapid method of assaying inhibitors which has been mentioned in a 
preliminary report (10) and which is here described in detail embodies the 
following steps: 

1. Conditioning of prime seed to a sufficiently high moisture content 
to promote rapid heating and deterioration. 

2. Treating of a portion of the conditioned seed with the desired quantity 
of potential inhibitor. 

3. Storing samples of the treated and untreated seed in calorimeters for 
6 days under conditions of aeration which will support maximum heating. 

4. Recording the temperatures in the seed during the period of storage. 

5. Analyzing the seed-oil at the end of the storage period for the per- 
centage of free fatty acids. 

By the arbitrary choice of the effect produced by one inhibitor as a stand- 
ard and by the comparison of the other chemicals to this standard and to 
the untreated seed of the same moisture content, it was possible to evaluate 
quantitatively the extent of inhibition or stimulation of biological activity 
produced by each chemical. 


Apparatus 


Ramstap and Geppes (18) applied an adiabatic respirometer for meas- 
uring respiration and heating of soybeans. In this apparatus, heat loss 
from the calorimeter was minimized by continuously maintaining the tem- 
perature of the surrounding air a small fraction of a degree lower than that 
of the heating seed. This technique was applied in an investigation of 
spontaneous heating of flaxseed and sunflower seed (19). Although appli- 
cation of the adiabatic technique eliminates heat losses and avoids fluctua- 
tions resulting from changes in room temperature, this advantage of the 
adiabatic calorimeter had to be dispensed with in favor of a method which 
would permit the simultaneous evaluation of a large number of inhibitors. 
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Dewar flasks of one-liter capacity were used as calorimeters. Because 
of the variation in the insulating capacity of individual Dewar flasks, each 
flask was tested before being used. Water at 140° F. was placed in the flask 
which had been preheated to the same temperature. If the temperature of 
the water did not decrease more than 25° F. in 21 hours, the insulating 
capacity of the flask was considered adequate. Periodic checks on the rate 
of cooling of each flask assured uniformity among the calorimeters. 

Figure 1 represents a cross-section of a calorimeter showing the inner 
fittings which consist of a plastic disk, seated approximately one inch from 
the floor of the flask ; a plastic aeration tube,’ one-quarter inch in diameter, 
centered in the cork stopper and the plastic disk, by means of which the 












ure 
owe 
- 
, 
-é 
a, 
|) 
=—— | 
ei ko 
i 
|—-Plastre oeration fube 
‘ 
Plastic covered 1 C. Thermeceuple 
with Glass~ well 
or +-Perferated Plastic Disk iS 
Fie, 1. Cross section of a calorimeter showing inner fittings and method of aerating 


the seed. 


column of seed resting on the disk is aerated ; and the plastic-covered, glass- 
tipped thermocouple which serves as a means of measuring the temperature 
of the seed. The aeration tube is connected to a gas washing bottle and 
finally to a vacuum system. The gas washing bottle contains a buffered solu- 
tion of bromthymol blue, which changes from blue to green to yellow as the 
total quantity of carbon dioxide passing through the solution increases (7). 
By maintaining the liquid in the gas washing bottle at a specified level, the 
flow of air through the system can be adjusted to the desired rate. The bat- 
teries of calorimeters, aeration devices, recorders, and vacuum system are il- 
lustrated in figure 2. A repeating multipoint switch (4) was designed and 
constructed in order to record the temperatures in a number of calorimeters 
on a single point recorder. 


Materials and methods 


Flaxseed was used as the experimental material since it is well adapted to 
routine tests. It has a relatively high density, requires considerably less 
1 Obtained from Extuded Plastics, Norwalk, Conn. 
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time to reach equilibrium when artificially conditioned to a high moisture 
content, and is easily mixed with the chemicals to be tested. Two varieties 
of Texas-grown flaxseed, Rio and Golden Viking, were found equally satis- 
factory. Lots of prime seed of these varieties were obtained and stored in 
a refrigerator until used. They were conditioned to the desired moisture 
content before use. 

When water is added to the seed at room temperature, sufficient heat is 
generated in the first 24 hours to produce typical ‘‘hot pockets’’ of burned 
seed. On the other hand, if the seed is conditioned at 36° F. and allowed 
to absorb moisture spontaneously from an atmosphere maintained at 100% 





Fie. 2. Battery of calorimeters and aerating devices. 


humidity, the absorption of moisture is so slow that by the time the desired 
moisture content is attained, sufficient deterioration has taken place to render 
it unfit for use. The seed is therefore cooled to 36° F. and conditioned by 
adding the caleulated quantity of cold (36° F.) distilled water and by main- 
taining this temperature for the three to five days required by the seed to 
come into equilibrium. During this period, the seed is mixed each day and 
eare is taken to break up all lumps or aggregates. 

On the fourth day a 600-gm. portion of the seed is treated with the 
required volume or weight of the chemical to be investigated. The chemical 
is dissolved in a diluent to make a total volume of 10 ml., which is then 
added to the seed in four aliquots with thorough mixing after each addition. 
Another 600-gm. portion of the seed is treated with the diluent only and 
serves as the control. Each sample, treated and control, is divided into two 
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300-gm. portions which are placed in screw-top jars and stored in a refrig- 
erator at 36° F. for three hours immediately prior to loading into the ealo- 
rimeters. This procedure allows the samples to be started at a uniform tem- 
perature and provides for adequate diffusion of the chemical through the 
seed by the time that the samples reach room temperature. 

Each calorimeter holds 300 gm. of flaxseed allowing approximately two 
inches of free space between the top of the column of seed and the bottom of 
the stopper. Each test and control is made in duplicate. The test is con- 
cluded in six days after which the seed is removed and examined visually 
relative to its state of preservation. The sample is then ground and the 
percentage of free fatty acid is determined on the extracted oil by the 
method of the American Oil Chemists’ Society (6). The result is expressed 
as percentage of oleic acid. The moisture content is determined by the 
method of the American Oil Chemists’ Society (6) and reported on a per se 
basis. 


Experimental results 


EFFECT OF MOISTURE CONTENT AND AERATION 

The most favorable conditions for rapid heating in samples of insulated 
seed are high moisture content and adequate aeration. The effect of mois- 
ture on the rate of heating of Golden Viking flaxseed (No. 172) was deter- 
mined by conditioning several samples to 8, 12, 16, and 20% of moisture 
and storing them in the calorimeters. The heating curves for these samples 
are reproduced in figure 3 from which it is evident that in six days there 
is a rapid rise in temperature if the moisture is sufficiently high. 





MOISTURE CONTENT 
100.0 +} », om 4 
le ’ 




















° ° 20 
a 4 4 ‘6 
x x 12 BP ans 
eoo}— e——~e a oe ‘a oo 
- | Hg 
ic 
- / 


TEMPERATURE 











TIME (OaAYS) 


Fie. 3. The effect of moisture content on the rate of heating of Golden Viking 
flaxseed. 
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The rate of respiration of the seed is increased by aeration, and because 
of the relationship between respiration and heating (12, 15, 16), it should 
be expected that aeration would increase the rate of heating. Therefore, if 
the heating effect due to aeration is superimposed upon that resulting from a 
high moisture content, a further increase in the rate of heating should follow. 
Samples of flaxseed (300 gm.) of the Rio variety (No. 173) were artificially 
conditioned to a moisture content of 22%, and aerated in duplicate at the 
rate of 3, 10, 15, and 20 liters of air every 24 hours. The temperature of the 
air was that of the room, averaging 80° F. The effects of the various rates 
of aeration are shown graphically in figure 4 from which it is apparent that 
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Fic. 4. The effect of varying the rate of aeration (average temperature of air, 
80° F.) on a sample of artificially conditioned (22% moisture) Rio flaxseed. 
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a rate of 15 liters per 24 hours produces the optimum heating in six days. 

At the expiration of the six days, the seed was removed from the Dewar 
flasks and free fatty acid determinations were made on the extracted oils. 
The average values of quadruplicated determinations are reported in table I. 
These results indicate that the seed which was aerated at the rate of 15 liters 
per 24 hours exhibited the maximum hydrolysis of the glycerides in the oil. 
Since sufficiently high maxima in temperature and lipolysis were exhibited in 
6 days by seed containing 22% moisture under aeration at a rate of 15 liters 
per 24 hours, these conditions were considered adequate to produce rapid 
deterioration. 


EFFECT OF SOLVENT 
A comparison of the behavior of flaxseed treated with diethyl ether (10 
ml. ether per 600 gm. of seed) to that of untreated seed from the same lot 
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TABLE I 


LIPOLYsSIS IN 300-GRAM SAMPLES OF RIO FLAXSEED (NO. 173) ARTIFICIALLY CONDITIONED TO 
22% MOISTURE CONTENT AS EFFECTED BY VARIOUS RATES OF AERATION 








RATE OF AERATION FREE FATTY ACID PRODUCTION 


Liters per day 


& 





3 5.3 

10 7.3 

15 8.2 

20 6.4 
Refrigerated control* 0.8 





* Seeds conditioned to 22% moisture content and stored at 36° F. for 6 days. 


and having the same moisture content showed that the ether has no effect 
on the rates of heating and lipolysis. At this low concentration diethyl 
ether, therefore, may be used as a vehicle for dispersion of the chemicals 
to be tested. The activity of a number of organic solvents was compared 
to that of ether with results given in table II. All of the solvents investi- 
gated exhibited some activity with respect to heating or lipolysis or both when 
applied at the same concentration as diethy] ether and, therefore, cannot be 
used as diluents. 


APPLICATION OF METHOD 


ETHYLENE CHLORHYDRIN.—Six-hundred-gram portions of flaxseed (No. 
156), conditioned to a moisture level of 22% were treated, respectively, with 
2.5, 1.5, and 0.5 ml. of anhydrous ethylene chlorhydrin, dissolved in suffi- 
cient diethyl ether to make a total volume of 10 ml. These portions were 
then divided into duplicate 300-gm. samples and placed in the colorimeters. 
Seed of the same moisture content was treated with 9.5 ml. of diethyl ether 
per 600 gm. of sample and used as controls. Figure 5 shows the heating 


TABLE II 


THE EFFECT OF 10 ML. VOLUMES OF DIFFERENT DILUENTS ON THE HEATING AND LIPOLYSIS OF 
600-GRAM PORTIONS OF FLAXSEED (22% MOISTURE) AS COMPARED TO THAT OF 
DIETHYL ETHER 


EFFECT ON 


DILUENT -|- — 
HEATING* LIPOLYSIS* 

Diethyl ether ei 
Petroleum naphtha Ss 
Cyelohexane I(s) T(s) 
Dioxane I T(e) 
Acetone I I(s) 
Ethyl acetate I(¢e) I 
Isooctane s 
Chloroform I I 
Toluene I I(s) 
Butyl acetate | I I 

Amy] acetate I I 


} 


* T= inhibition; S = stimulation; (c) =complete; and (s) = slight. 
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Fig. 5. Inhibition in heating resulting from treatment with various concentrations 
of ethylene chlorhydrin. 


curves for these samples. During the experiment, room temperature re- 
mained at 84° F. while that of the untreated control rose to 107.5° F. In- 
creasing concentrations of ethylene chlorhydrin produced increasing de- 
grees of inhibition in heating. The difference between the use of 1.5 and 2.5 
ml. of ethylene chlorhydrin was not significant and the percentages of in- 
hibition produced in heating closely approximated 100%. Even the lowest 
concentration of ethylene chlorhydrin showed some inhibition of heating. 
Results of free fatty acid determinations made on the oils extracted from 
the seed after removal from the calorimeters are recorded in table III. The 
free fatty acid content of the original unconditioned seed was 0.94%. The 


TABLE III 


EXTENT OF LIPOLYSIS IN FLAXSEED TREATED WITH ETHYLENE CHLORHYDRIN AND KEPT 
IN CALORIMETERS FOR EIGHT DAYS 

















VOL. OF Conc.* OF FREE FATTY Morsvuae 
INHIBITOR INHIBITOR ACIDS t 
————————— —s — ——— ee — —- 
ml. % % % 
5.03 20.9 
2.5 0.64 0.9 21.5 
1.5 0.38 1.4 21.2 
0.5 0.13 6.3 21.1 
Refrigerated controlt 1.1 21.6 





* Per dry weight of seeds. 
t Initial free fatty acid content is 0.9%. 
¢ Flaxseed conditioned to a moisture level of 22% and kept at 36° F. for eight days, 
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highest concentration of ethylene chlorhydrin completely inhibited lipolysis 
whereas the seed treated with a concentration of 0.38% (1.5 ml.) of the same 
compound developed an average of 1.4% of free fatty acids. This degree 
of inhibition compares favorably with that occurring in the refrigerated 
untreated control, a sample from the same batch of conditioned seed main- 
tained at a temperature of 36° F. for the eight days of the experiment, dur- 
ing which time the free fatty acid content rose to 1.1%. Although the dif- 
ference in effectiveness between the 0.38% and 0.64% concentrations is 
barely significant, when the concentration of inhibitor decreased to 0.13% 
the quantity of free fatty acids formed increased over and above that of the 
untreated control indicating a very definite stimulation of lipolysis. 
Detailed observations were made when the samples of seed were removed 
from the Dewar flasks. Some idea of the relative condition of the untreated 





Fig. 6. Untreated flaxseed (A) and flaxseed treated with ethylene chlorhydrin at a 
concentration of 0.64% (B) after being stored for eight days in calorimeters. 


and the treated flaxseed may be obtained from the photographs of the seed 
shown in figure 6. Figure 6 (A), representing the untreated control de- 
scribed in table III, shows that the seeds were principally dull, lumped, and 
for the most part, covered with a web-like growth which is the result of a 
heavy mold proliferation. These seeds were hot and damp and had a strong 
musty odor. Figure 6 (B) represents a sample of the seed treated with 
ethylene chlorhydrin in a concentration of 0.64%. The contrast is striking; 
these seeds were shiny, free-running, and not covered with mold. They were 
cool and dry, and smelled of fresh flaxseed when removed from the ealo- 
rimeter. 


VINYL PROPIONATE.—The activity of vinyl propionate was compared to 
that of ethylene chlorhydrin in an experiment in which 600-gram portions 
of flaxseed (No. 173) conditioned to a 21% moisture content were treated 
with this compound in quantities ranging from 0.5 to 1.5 ml. Another 
600-gm. portion of the same sample was treated with 1.5 ml. of ethylene 
chlorhydrin. The heating curves for these samples are compared in figure 
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7. Vinyl propionate in concentrations of 0.29 and 0.23% on the basis of 
the dry weight of the seed, inhibited heating to a degree comparable to that 
produced by treatment with ethylene chlorhydrin in a concentration of 
0.38%. 

The effect of vinyl propionate upon lipolysis is evident from the data in 
table IV. Inasmuch as treatment with a concentration of vinyl propionate 
as low as 0.20% inhibits lipolysis to the same degree as does treatment with 
0.38% ethylene chlorhydrin, it may be concluded that vinyl propionate is 























~ 

110.0 | 

1000 + 
- 
e ' 

} 

— 
a 
> | 
- 
< 900; 
x j 
ws | 
a | 
= 
ow 
i 

800 — 

70° 

| 
| 
i 
° ‘ 2 3 + s e ? 


TimME ( DAYS ) 
Fie. 7. Inhibition in heating produced by treatment with varying concentrations of 
vinyl propionate, compared to the standard treated control and the untreated control. 


Curve no. Cone. of inhibitor 

% 
1 (untreated control) none 
2 0.09 
3 0.13 
4 0.20 
5 0.23 
6 0.29 
7 ethylene chlorhydrin standard 0.38 


a better inhibitor of lipolysis in flaxseed than ethylene chlorhydrin. It is 
interesting to note the different relationships between heating and lipolysis 
resulting from the treatment of flaxseed with these two inhibitors. Whereas 
treatment with ethylene chlorhydrin in a 0.13% concentration resulted in 
stimulation of lipolysis despite an appreciable inhibition of heating (fig. 5 
and table III), treatment with even the lowest concentration of vinyl pro- 
pionate (0.09%) inhibited lipolysis even though there was no appreciable 








94 PLANT PHYSIOLOGY 


inhibition of heating. These results are similar to those obtained by 
AutscHut et al. (5) who measured the effect of various chemical treatments 
on the respiration and lipolysis in cottonseed and found that the latter could 
be inhibited under conditions in which no inhibition of respiration occurred. 

INHIBITOR INDEX.—It is quite possible for major differences in biological 
activity to occur between varieties of the same type of seed. In addition, 
conditions of growth, maturity, and harvesting may affect the subsequent 
behavior of different samples of the same variety of seed. These variables 
become still more pronounced when the seeds are conditioned to a high mois- 
ture content. It cannot, therefore, be expected that every sample of artifi- 
cially conditioned seed will exhibit the same pattern of heating or the same 


TABLE IV 


EXTENT OF LIPOLYSIS IN FLAXSEED TREATED WITH VINYL PROPIONATE AND STORED IN 
CALORIMETERS FOR SIX DAYS 





























VOL. OF Conc.* OF FREE FATTY 
INHIBITOR INHIBITOR AcIpst Mowruse 

ml. % % % 
i” 5.2 20.8 
1.5 0.29 1.0 20.8 
1.2 0.23 1.1 20.8 
1.0 0.20 1.1 20.8 
0.7 0.13 1.3 20.9 
0.5 0.09 3.3 20.9 
Refrigerated controlt 1.0 20.6 
Ethylene chlorhydrin control§ 0.9 20.8 








* Per dry weight of seeds. 

t Initial free fatty acid content is 1.0%. 

+ Flaxseed conditioned at a moisture level of 22% and kept at 36° F. for the ex- 
perimental period of six days. 

§ At the standard concentration of 0.38% based on the dry weight of seeds. 


response to treatment with any given inhibitor under the above-described 
conditions of storage. 

In order to eliminate such variables and provide a basis for comparison 
and a relative measure of the efficacy of any inhibitor, the inhibition in heat- 
ing and lipolysis produced by treatment with 0.38% ethylene chlorhydrin 
(based on the dry weight of flaxseed) has been adopted as a standard of 
reference. In actual practice, the procedure illustrated in the preceding 
section with vinyl propionate has been followed. The effect of several 
dilutions of the inhibitor being investigated is compared with that of the 
standard concentration of ethylene chlorhydrin on the same lot of condi- 
tioned seed. If the standard concentration of ethylene chlorhydrin is taken 
as 1, then the relative efficiency of any other compound being investigated 
ean be calculated by dividing the concentration of ethylene chiorhydrin 
(0.38% ) by the minimum concentration of inhibitor which produces com- 
parable inhibition. Each type of biological inhibition must be rated inde- 
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pendently. From the data in figure 7, the index 1.7, with respect to inhibi- 
tion of heating is obtained for viny] propionate. An index of 1.9 with 
respect to inhibition of lipolysis is obtained by a simlar caleulation from 
the data in table IV. This procedure has been applied in rating the com- 
pounds previously reported to be active (10). 

APPLICATION TO OTHER SEEDS.—Difficulties during handling and storage 
are common to many classes of seeds and grains. It is necessary to deter- 
mine whether chemicals producing inhibition in biological activity in flax- 
seed by the above-described method will have the same effect when used with 
other classes of seeds. Some observations were, therefore, made with cot- 
tonseed, rice, and grain sorghum using ethylene chlorhydrin as an inhibitor. 
Samples of these seeds were conditioned to high moisture contents and 
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Fie, 8. The effect of ethylene chlorhydrin at a concentration of 0.38% (by weight 
on a dry seed basis) on the heating of high moisture grain sorghum (#185), rice (Blue 
Bonnett # 182), and cottonseed (Delfos #165). 


portions were treated with ethylene chlorhydrin in the standard concentra- 
tion and stored under the conditions described for flaxseed. Figure 8 shows 
the heating curves obtained for the treated and untreated samples. Under 
the experimental conditions ethylene chlorhydrin inhibits heating of grain 
sorghum, rice, and cottonseed of high moisture content in a manner similar 
to flaxseed. Analysis of the oil extracted from the treated and control lots 
of cottonseed after storage for 11 days showed that the control seed devel- 
oped 6.1% free fatty acids compared to 1.3% developed in the treated 
seed. The fact that similar results have been obtained with ethylene chlor- 
hydrin on four different types of seeds grown in widely separated localities 
and probably in the presence of a diversity of microbial populations would 
appear to indicate that such infections do not influence the final results 
under the above-described experimental conditions. 
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Summary 


A rapid method for the measurement of the inhibition of biological activ- 
ity in intact seeds has been described and applied in investigating the effects 
of ethylene chlorhydrin and vinyl propionate on heating and lipolysis in 
flaxseed. A reference standard has been established which makes it pos- 
sible to assign an inhibitor index to any chemical investigated. The utility 
of the index has been demonstrated in the case of vinyl propionate. Fun- 
damental and practical aspects of the application of the method are dis- 
cussed. 
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Publication of the work of McCreapy, Swenson, and Macuay (8) on the 
determination of uronic acids has led the authors of this paper to present 
their results on a somewhat parallel method already developed and being 
applied to the analysis of apples for pectie constituents when the former 
article appeared. The authors also use 19% hydrochloric acid (1:1 cone. 
HCl by volume) but with a boiling time of 2} hours. One of us (9) found 
that decarboxylation of the pectic constituents of apple tissue was complete 
in 24 hours or less of boiling time. Stronger concentrations of acids were 
tried with results indicating a possible futher reduction in boiling time but 
with certain disadvantages such as the formation of considerable quantities 
of tar-like materials in the boiling flask and condenser or an evolution of 
gas too rapid for the apparatus to accommodate. 

No attempt is made to review the considerable body of literature bearing 
upon the general problem of determination of pectic materials. In addition 
to the studies already mentioned, reference is made to the work of HINTON 
(6) who has reviewed the much-used method of Carre and Haynes (2) for 
the determination of pectin as calcium pectate and added certain modifica- 
tions, and to that of Bryant, PALMER and JosrpH (1) who determined pectin 
by a modified pentose-furfural method. Two of us (4) reported on the 
enzyme activities of Pectinol A and the present paper deals with the use of 
this enzyme and with the use of 19% hydrochloric acid in the determination 
of pectic constituents in apples. 


Apparatus, materials, and methods 


Changes in pectic substances are known to occur in the ripening and 
softening of fruits and it was desired to make a comparative study of these 
several fractions in variously treated apples. Samples were prepared from 
representative slices by rapid freezing, followed by comminution in a Waring 
blendor after adding distilled water, at approximately 5° C., equivalent to 
one-half the weight of the apple tissue. Except as indicated otherwise, 
samples of 40 gm., corresponding to 26.7 gm. of fresh tissue, were weighed 


1 Published with the approval of the Director of the West Virginia Agricultural Ex- 
periment Station as Scientific Paper no. 377. 

2 Pectinol A is a commercial enzyme preparation designed for the clarification of 
apple juice and apple wine by the hydrolysis of the pectin contained in such products. 
The preparation was supplied to us by its manufacturer, Rohm & Haas Company of Phila- 
delphia. 
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in 400-ml. beakers, covered with watch glasses, heated to boiling for one 
minute, cooled, and determinations were made for the following pectic frac- 
tions: total, water-insoluble, insoluble in 1% oxalie acid, and insoluble 
after treatment with Pectinol A. Fractions corresponding to pectin and 
protopectin may be obtained by difference. Trials were made, also, on the 
use of 19% hydrochloric acid as compared with 124% for the decarboxyla- 
tion of the uronic acid residues. Procedures as finally adopted for the vari- 
ous fractions follow. 


PREPARATION OF SAMPLES FOR DECARBOXYLATION 


TOTAL PECTIC SUBSTANCES.—Samples were made to a final concentration 
of approximately 70% alcohol, extracted for one minute in a Waring blen- 
dor, transferred to 400-ml. beakers, allowed to stand for one hour, and 
filtered on No. 589 Black Ribbon S & S 9-cm. paper cut to fit a 75-mm. Buch- 
ner funnel ; the residue was washed well with 70% alcohol and dried at room 
temperature. Residue A. 

WATER-INSOLUBLE PECTIC SUBSTANCES.—Samples were extracted in the 
blendor for one minute with 300 ml. of cold water, and filtered with suction ; 
the residue in the Buchner funnel was then treated with 200 ml. of boiling 
water, filtered again, the residue and paper were transferred to the blendor, 
extracted with 250 ml. of cold water, and again filtered. Two additional 
extractions and filtrations with 250-ml. portions of cold water (and two addi- 
tional filter papers) followed. The residue was dried at room temperature. 
Residue B. 

PECTIC SUBSTANCES INSOLUBLE IN 1% OXALIC AcID.—Samples were treated 
with 200 ml. of boiling 1% oxalic acid, brought to boiling, and the boiling 
continued for two minutes; the material was filtered on the Buchner, 
residue and paper were transferred to the original beaker, extracted as 
before with boiling oxalic acid, and the process was repeated for a total of 
four extractions. On the fourth filtering, 20 ml. of 4% hydrochloric acid 
was added to the hot solution in the beaker, the contents were stirred, filtered 
at once, the residue washed free from acid with hot water (tested with litmus 
paper), and dried at room temperature. Residue C. 

PECTIC SUBSTANCES INSOLUBLE AFTER TREATMENT WITH PECTINOL A.— 
After the samples were heated to boiling for one minute they were cooled to 
35°-40° C., treated with 0.2 gm. of Pectinol A and 60 ml. of water at about 
37°, stirred well and incubated at 35° to 37° C. for 24 hours with oecagional 
stirring. After incubation the mass was filtered as one continuous operation 
on a Buchner funnel with mild suction, the residue was washed from the 
filter paper back into the original beaker, made up’‘to 100 ml. with water, 
boiled for one minute, and filtered while hot én the same filter paper. The 
residue was again transferred, bciled, filtered in the same manner for.a total 
of three washings with hot water, and was dried at room temperature. 
Residue D. 
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DECARBOXYLATION 


Residues A, B, C, and D were either decarboxylated with boiling hydro- 
chlorie acid for the determination of CO, and subsequent calculation of eal- 
cium pectate equivalents, or were subjected to the Hinton modification of 
the CarrRE-Haynes method for the determination of pectic constituents as 
calcium pectate. 

The apparatus used for the decarboxylation procedure was similar to 
that described by Dickson, OrTerRson and Linx (3) and consisted of the 
following parts in sequence of arrangement : 

1. Soda-lime tower (40 x 300 mm. high) 

2. Sodium hydroxide trap (40 x 250 mm. high, partly filled with glass 
beads) 

3. Water trap (500-ml. gas washing bottle, Drechsel, low form) 

4. Electric heater (variable-heat, 115-mm. diameter, with sand bath of 
150 mm. diameter) 

5. Boiling flask (Pyrex ST Joint no. 29/42, distilling flask, 2 necks, 
250-ml., round bottom, with gas inlet adapter) 

6. Condenser (Pyrex ST Joint no. 29/42, 300 mm., Allihn, bulb type) 

7. Aniline hydrochloride trap (Pyrex test tube 20 x 170 mm. with 5% 
aniline hydrochloride solution) 

8. Silver nitrate trap (500-ml. gas washing bottle, Drechsel, low form, 
with 10% AgNO;) 

9. Suction flask (500-ml., with approximately 50 ml. of standard 0.1 N 
KOH) 

10. Absorption tower (18 x 550 mm. high, with 300-mm. column of glass 
beads, constriction and perforations 50 mm. from bottom) 

11. Accessory trap (Pyrex test tube 25x 150 mm., inserted as a pre- 
cautionary measure but seldom or never used) 

12. Capillary tube (30 to 40 mm. length of fine capillary tubing from 
old thermometer stem introduced into line to reduce and regulate 
suction ) 

13. Water trap (500-ml. gas washing bottle, Drechsel, low form to ac- 
commodate water sucked back when pump is turned off) 

14. Water suction pump. 

In operation ST glass joints leading to the boiling flask were lubricated 
daily with a heavy lubricant (Lubriseal). Tight-fitting rubber stoppers 
closed the 500-ml. suction flask and absorption tower. Joints were discon- 
nected only at the boiling flask, suction flask, and absorption tower. All 
other connections remained continuously tight. Manipulative procedure 
was as follows: Absorption towers with glass beads and suction flasks were 
assembled and connected in the system; 100 ml. of hydrochloric acid and 
the sample to be analyzed were introduced into the boiling flask and the 
flask was connected ; the suction was started and operated for 30 minutes to 
clear the apparatus of CO,; meanwhile the electric heaters were turned on 
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and the sand baths heated up but not placed beneath the boiling flasks; at 
the end of the 30-minute period the absorption assembly was disconnected, 
first at the top of the tower and then at the side tube of the suction flask, 
‘approximately 50-ml. of standard 0.1 N KOH was run in through the absorp- 
tion tower, the assembly was connected immediately, first at the side tube 
of the suction flask and then at the top of the absorption tower, the heaters 
and preheated sand baths were placed beneath the boiling flasks and the 
heating was begun; 12 to 15 minutes brought the flasks to boiling and the 
boiling was continued for 2} hours; the heaters and sand baths were then 
removed ; the absorption assembly was disconnected as before, the tower and 
beads were disconnected and rinsed down thoroughly with CO,-free water 
into the suction flask ; 10 ml. of 10% barium chloride solution and four drops 
of phenolphthalein were added to the suction flask, mixed, and the contents 
titrated at once with standard 0.1N HCl. 

Duplicate assemblies were connected to one suction pump and blank 
determinations with and without filter papers were run and the correspond- 
ing corrections made. Except as otherwise stated samples run by the de- 
carboxylation procedure were calculated to caleium pectate equivalents from 
values determined experimentally by decarboxylation of caleium pectate 
prepared from Pectinum N.F. VII by Hinton’s modification of the CARRE- 
HAyYNEs method. Data for these calculations will be shown later. 


PREPARATION OF SAMPLES FOR CALCIUM PECTATE DETERMINATION 


Samples of blended tissue were covered with watch glasses and heated to 
boiling for one minute immediately after being weighed. 

TOTAL PECTIC SUBSTANCES.—Twenty-gram samples were made to a final 
concentration of 70% alcohol, boiled for one minute, allowed to stand for one 
hour, and filtered on No. 589 Black Ribbon S & S 9-em. paper cut to fit a 
75-mm. Buchner funnel ; the residue was washed well with 70% aleohol and 
the filtrate discarded. The residue was washed from the filter paper into 
a 600-ml. beaker, made up to 300 ml. volume, 20 ml. of N/2 sodium hydrox- 
ide was added and stirred well, and the mixture was allowed to stand over 
night at room temperature. It was then filtered as before with mild suction 
and washed five times with a few ml. of hot water. This residue was saved 
for CO, determination and the filtrate was transferred back to the 600-ml. 
beaker, using 50 ml. of 1 N acetic acid to rinse the suction flask. From this 
point the procedure was continued as described by Hiuyton (6). Final 
weights were made in glass-stoppered weighing bottles with an empty bottle 
used as a tare. 

WATER-SOLUBLE PECTIC SUBSTANCE.—T wenty-gram samples were made to 
70% alcohol, boiled, allowed to stand, and filtered as described for total 
pectic substance. The residue after filtration was washed from the filter 
paper into a small size blendor jar (with screw cap for volumes of 50 to 
100 ml.), made up to 60 ml. with water, extracted for one minute, and 
filtered as described above with mild suction on the same filter paper. The 
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transfer and extraction of the residue was repeated for a total of five extrac- 
tions. The blendor cup was washed clean on the last extraction and the 
residue was saved for CO, determination. The filtrate was transferred from 
the swetion flask to a 600-ml. beaker with several small portions of hot water 
as rinse. After the addition of 20 ml. of N/2 sodium hydroxide with stir- 
ring the mixture was allowed to stand over night at room temperature. A 
slight floceulent precipitate of dark brown material usually settled out and 
was removed by filtration and washed. It contained no pectic material. 
From this point the procedure was continued as described for total pectic 
substance. 

PECTIC SUBSTANCE INSOLUBLE IN 1% OXALIC ACID BUT SOLUBLE IN SODIUM 
HYDROXIDE AFTER EXTRACTION WITH OXALIC AcID.—Forty-gram samples were 
extracted with 1% oxalic acid as described under the decarboxylation pro- 
eedure. The filtrate was discarded. The residue (containing four filter 
papers) was transferred to a 600-ml. beaker, made up to 300 ml. volume, 
20 ml. of N/2 sodium hydroxide added, and the procedure was continued as 
described for total pectic substance. A slight light colored precipitate 
usually forms on the addition of acetic acid. Pectic substances run by the 
HINTON modification were calculated directly as percentage of calcium pee- 
tate in the fresh tissue. 


VARIATIONS TRIED AND RESULTS OBTAINED 


Many variations of sample preparation and method of analysis were 
tried. When slices of Rome Beauty tissue were dried at 100° C. for five 
hours the total pectic substance was lowered from 1.23 to 0.87% as compared 
with fresh frozen tissue and water soluble pectic substance was lowered from 
0.62 to 0.41%. These values represent reductions of about 29 and 33%, 
respectively. Similar results were obtained with Stayman Winesap tissue, 
the reductions for drying amounting to 27 and 29%, respectively, for total 
and water soluble pectic substances. Trials comparing rapid freezing and 
comminution of samples as described with dropping the slices into hot 95% 
alcohol, boiling for 10 minutes, drying in vacuo at 70° C. and grinding, 
showed that the two methods of sample preparation gave very similar results 
for total, water soluble, insoluble in water but soluble in 1% oxalie acid, and 
insoluble in oxalic acid but soluble in dilute sodium hydroxide fractions. 
Because of its simplicity the freezing method was adopted. If water at 3° 
to 5° C. is added to the frozen slices in blending, the temperature need not 
rise above 5° to 7° C. in the preparation of the sample. 

It was desired to know the length of time that samples might be kept 
in storage at 2° to 5° C. after blending, without serious changes occurring 
in the various pectic fractions. Averages for several determinations showed 
that the oxalic acid insoluble fraction did not change appreciably over 
periods of a week whereas water insoluble pectic material changed to water 
soluble at the rate of about 1% per day. 
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Trials were made comparing hot and cold water for extraction. The hot 
water was boiling when poured into the blendor jar and the cold water was 
at room temperature. As an average of duplicate determinations on four 
different varieties the hot water gave 0.332% calculated as caleium pectate 
and the cold water gave 0.344%. Further trials were directed toward the 
completeness of extraction by repeated extractions with cold water. In 
each case the third filtrate was relatively clear. The results are shown in 
table I. 

Numerous trials were made on the pectic fractions insoluble in water. 
These included autoclaving, treatment with hot 0.5% oxalic acid, and hot 
0.5% or cold 1.0% ammonium oxalate up to as many as eight extractions 
and for varying periods of time. Some pectic substance always remained 
after extraction with ammonium oxalate, which was easily removed by four 








TABLE I 
EFFECT OF REPEATED EXTRACTION OF APPLE TISSUE WITH COLD WATER 
i PECTIC SUBSTANCE EXTRACTED 
. NUMBER OF 
VARIETY ~ ‘ALCULATED AS CALCIUM PEC 
EXTRACTIONS | (CALcUI ATED As ( : ( UM PECTATE 
IN FRESH TISSUE) 
% 
Rome Beauty 1 0.293 
2 | 0.349 
3 0.338 
4 0.338 
6 0.359 
Delicious 4 0.284 
10 | 0.292 
Wagener 4 0.310 
7 0.303 
10 0.303 








two-minute extractions with hot 1% sodium hydroxide. Since pectie sub- 
stances are defined (10) partly on the basis of methy] ester content it seemed 
desirable to make some determinations of methoxy! values for several frac- 
tions obtained from apple tissue. Samples were extracted with alcohol, 
water, 1% oxalic acid, and 1% sodium hydroxide. Analyses for lignin 
were made by treatment with 72% sulfuric acid to determine the amount of 
methoxyl due to lignin, if any. Also, samples were extracted in the auto- 
clave with water for two hours at 120° C. and with 0.5% ammonium oxalate 
at 85° C. for twenty-four hours to remove pectin without the removal of 
other hemicelluloses. Parallel analyses of the residues were made to deter- 
mine methoxy] content and quantity of pectic substances. Methoxyl content 
was determined by micro methods. Remnants from the methoxyl deter- 
minations were analyzed for pectic substances as a check on the former 
analyses. 

The outcome of the methoxy! determinations showed only slight differ- 
ences for the different pectic fractions. Values for Rome Beauty tissue 
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showed 9.40, 9.15, and 9.65% methoxyl, respectively, for alcohol insoluble, 
water insoluble, and oxalic acid insoluble pectic residues. The corre- 
sponding values for McIntosh tissue were 9.98, 9.54 and 9.98%, respectively. 

In an effort to learn if there is a fairly sharp dividing line between 
acid soluble and acid insoluble or alkali soluble pectic substance, McIntosh 
tissue was extracted with 1% oxalic acid and with 0.1 N, 0.01 N, 0.001 N, 
and 0.0001 N hydrochloric acid. Two parallel series were run in the first 
of which one five-minute extraction was followed by three two-minute ex- 
tractions at each concentration ; in the second series two five-minute extrac- 
tions were followed by six two-minute extractions at each concentration. 
These gave total boiling periods of 11 and 22 minutes, respectively. When 
plotted graphically the data showed no indication of a sudden change in the 


TABLE II 


PECTIC MATERIAL SOLUBLE IN ONE PER CENT. OXALIC ACID 





VARIETY NUMBER OF CALCIUM PECTATE 


EXTRACTIONS EXTRACTED 
%o 

Wagener 2 0.522 
4 0.537 

6 0.540 

8 0.545 

Rome Beauty | 2 0.565 
+ 0.614 

. 0.628 

Golden Delicious 4 0.599 
| ro 0.597 


rate of extraction. However, when three-minute extraction periods were 
used in further trials, the less drastic treatment showed a tendency for the 
eurve for oxalic acid to break rather rapidly and level off after several ex- 
tractions. Table II shows representative values for the pectic substance 
removed by successive three-minute extractions in the procedure finally 
adopted. 
CLOTH VERSUS PAPER FOR FILTERING 

Up to this time all filtrations preliminary to the decarboxylation proce- 
dure were made through a heavy twill duck cloth eut to fit the 75-mm. 
Buchner funnel. Residues were scraped from the cloth filters with a stain- 
less steel spatula for transfer to the blendor jars and the beakers in the 
various extraction procedures. After the final filtration the cloth filters 
with their pectic residues were dried over night at room temperature and 
the dried and hardened residues were stripped from the cloth for transfer to 
the boiling flask in the decarboxylation apparatus. The question arose as 
to the suitability of this method of filtering. Various types of filter paper 
were tried and it was soon found that most of the common ones were too 
slow and that all produced appreciable quantities of carbon dioxide in the 
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boiling hydrochloric acid. S & 8 filter papers No. 589 Black Ribbon and 
No. 604 showed fairly satisfactory filtering qualities for the various extracts, 
and trials were run to compare the values obtained by filtration through 
cloth and paper. For this purpose Rome Beauty tissue was extracted four 
times with cold water in the usual manner and duplicate residues were 
filtered on cloth and on S & S No. 604 paper. Also, pectin solutions contain- 
ing 0.5% Pectinum N.F. VII were made up and precipated with 70% 
aleohol. Duplicates were then filtered on cloth and on paper. After dry- 
ing over night the residues on the cloth were stripped off whereas those on 
the paper were transferred with the papers (four in each case) and all were 
run for carbon dioxide production by the usual procedure. Carbon dioxide 
values for the filter papers were deducted. The apple residues were caleu- 


TABLE III 


PECTIC RESIDUES FROM CLOTH AND PAPER FILTERS 





FILTER PAPER 








: CLOTH 
REAUE HEAVY DUCK 8S & 8 no. 604 
% %o 
Caleium pectate from apple tissue insoluble 0.700 0.734 
2 FS a otis 
Galacturonic acid from pectin residues pre- 77.29 79.97 
cipitated with alcohol ... 





lated to calcium pectate and the pectin residues were calculated to galac- 
turonic acid. Table III shows the results obtained. 

The values obtained from filtration on paper ran about 3 to 5% higner 
than those obtained with cloth. 


CARBON DIOXIDE EQUIVALENTS 


To determine the factor for caleulating calcium pectate from milligrams 
of carbon dioxide produced in the decarboxylation apparatus eight samples 
of 0.1000 gm. each of Pectinum N.F. VII were weighed, dissolved, and the 
ealeium pectate was determined by HINTON’s modification of the CARRE- 
Haynes method. Four of the samples were dried for 14 hours in an ordi- 
nary convection oven at 100° to 103° C.; the other four samples were dried 
for 14 hours in a vacuum oven at a pressure of 2} to 3 inches of mereury 
and a temperature of 70° to 74° C. All samples were cooled in desicecators 
and weighed in tightly closed containers. The mean value for the four 
samples dried at atmospheric pressure was 0.1113 gm. and the mean value 
for those dried in vacuo was 0.1123 gm. These samples were then trans- 
ferred individually to the decarboxylation apparatus and the corresponding 
yields of carbon dioxide were determined. After correcting for the carbon 
dioxide produced by the filter paper the mean value was 18.74 milligrams 
of carbon dioxide produced. Then 111.8/18.74 = 5.97, the factor for con- 
version. 
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Many trials were run at one time or another to determine the carbon 
dioxide values for the filter papers used. As an average of many determi- 
nations it was found that for S & S papers No. 589 Black Ribbon and No. 
604, cut to fit a 75-mm. Buchner funnel, untreated papers yielded 1.1 mg. of 
CO, each; papers treated with oxalic acid and hydrochloric acid as in the 
procedure described yielded 0.7 mg. per paper, papers extracted with oxalic 
and hydrochloric acids and then with sodium hydroxide gave 0.6 mg. per 
paper; and papers subjected to the action of Pectinol A for 24 hours gave 
0.9 mg. of carbon dioxide per paper. 

Low carbon dioxide values for apple residues remaining after digestion 
with Pectinol A made it seem permissible to regard all pectic substances as 
nearly or completely removed by the enzyme treatment. For comparative 
purposes the carbon dioxide equivalent of the enzyme soluble material 


TABLE IV 


CARBON DIOXIDE AND CALCIUM PECTATE VALUES ON RESIDUES FROM ROME BEAUTY TISSUE 





CALCIUM PECTATE 





CO, IN RESIDUE IN FILTRATE FROM 
RESIDUE 
mg. mg. 


Mean of four samples after digestion with 
0 ECR Se Sic i 4.7 

Mean of four samples after digestion with 
Pectinol A and treatment with sodium 
hydroxide 


i 32.6 
Equivalent removed by sodium hydroxide 





cor bo 


bo bo 








(Residue A minus Residue D) may be regarded as total pectic substance ; 
or the carbon dioxide value for any residue, after correcting for the filter 
paper, may be considered as representing pectic material only. However, it 
was desired to know just how much pectic substance might remain in the 
residue after digestion with the enzyme and how much carbon dioxide might 
be obtained from the residue after treatment with sodium hydroxide and 
(presumably ) complete or nearly complete removal of pectic substances. 

To throw light on these questions eight samples of Rome Beauty tissue 
were prepared, digested with Pectinol A, filtered and washed in the usual 
manner. The filtrates were discarded and the residues were retained for 
further work. Four of the residues were dried and the carbon dioxide val- 
ues determined. The other four residues were washed from the filter papers 
back into the original 400-ml. beakers and the filter papers saved. The resi- 
dues in the beakers were made up to 300 ml., treated with sodium hydroxide, 
and allowed to stand over night. The next day they were filtered on the 
original filter papers, the residues were saved for carbon dioxide determina- 
tions, and the filtrates were carried through the Hinton method for the 
direct determination of calcium pectate. The results are given in table IV. 
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DECARBOXYLATION WITH 19 PER CENT HYDROCHLORIC ACID 


Up to the time this work was begun the accepted procedure for decar- 
boxylation of uronic acid material was heating with 124% hydrochloric 
acid (sp. g. 1.06) for periods of 44 to 8 hours. It was considered worth while 
to study the possibility of reducing the time required for decarboxylation 
(McCreEaby and co-workers have shown recently that the boiling time may 
be reduced to 13 to 2 hours if 19% acid is used). Accordingly pectic acid 
was prepared by the method of Luckerr and Smiru (7) and subjected to 
boiling periods of 2} and 4 hours in 124 and 19% hydrochloric acid. The 
results indicated that both concentrations of acid would completely decar- 
boxylate rather large quantities of this material in 24 hours or less. Further 
trials were made with apple tissue previously extracted with water and with 
boiling periods of one to six hours. The 39.1-gm. samples of fresh Stayman 
Winesap tissue used were somewhat larger than needed for routine analysis. 














TABLE V 
DECARBOXYLATION OF PECTIC SUBSTANCES IN APPLE TISSUE 
HYDROCHLORIC ACID BOILING TIME CALCIUM PECTATE 

% hrs. % 
12.5 1.0 0.472 
2.0 0.674 
3.0 0.709 
4.0 0.772 
5.5 0.786 
19 1.0 0.724 
2.0 0.764 
| 2.5 0.788 
| 5.5 0.798 

} 


The samples were extracted first with water in the usual manner. The 
results are shown in table V. 

Stronger concentrations of hydrochloric acid (two or four parts of acid 
by volume to one part of water, approximating 25 and 30%, respectively) 
were used. The values obtained indicated that these might be used under 
certain conditions but not with the apparatus being employed. 


COMPARISON OF CARBON DIOXIDE AND CALCIUM PECTATE METHODS 
FOR APPLE TISSUE 
The method of Carre and Haynes with or without modification has been 
employed rather widely for the determination of pectic substances in plant 
materials. It seemed worth while, therefore, to compare values obtained 
on apple tissue by the decarboxylation of uronic acids with values for eal- 
cium pectate on the same samples. The comparison included duplicate 
analyses by each method on fourteen samples from eight varieties as fol- 
lows : Delicious, Golden Delicious, Grimes Golden, Jonathan, Maiden Blush, 
MeIntosh, Rome Beauty and Stayman Winesap. The determinations made 
and the results obtained are shown in table VI. 
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Discussion 


The data in table I indicate that four extractions with cold water are 
sufficient to remove most or all of the soluble pectic material. Referring to 
the data in table II it is seen that here, also, four extractions with hot 1% 
oxalic acid give values almost as large as those obtained by six or eight ex- 
tractions. Since boiling temperature with water alone is known to cause 
some destruction of protopectin, continued boiling with acid would result 
in corresponding losses. From the results obtained, four extractions with 
oxalic acid, although not entirely satisfactory, was considered the best treat- 
ment for this extractant. 

The differences between ¢loth and paper for filtering the various residues 
preparatory to decarboxylation are not as great as one might anticipate. 


TABLE VI 


COMPARATIVE VALUES FOR PECTIC SUBSTANCES IN APPLE TISSUE BY CARBON DIOXIDE AND 
CALCIUM PECTATE METHODS 


| CALCIUM PECTATE VALUES 
» - * RE SP STE 4k os “i 
FRACTION CARBON DIOXIDE CALCIUM PECTATE 





METHOD METHOD 
- 

Insoluble in water 0.686 0.384* 
Soluble in water . 0.258* 0.360 
Insoluble in oxalie acid 0.209 0.155 
Insoluble in water but soluble in oxalic acid 0.477* 0.229* 
Not dissolved by Pectinol A | 0.068 
Removed by Peetinol A 0.876* 
Total pectic substance 0.944 0.744 





* Values calculated by difference. 


The slightly higher values obtained with the use of paper may be due either 
to a slight loss of particles through the cloth filter or to failure to remove 
the dried residue completely from it. On the other hand the use of paper 
for filtering necessitates a correction for the carbon dioxide produced by the 
paper and this varies somewhat with the treatment of the paper. 

A further correction which might be considered but which was not 
applied in the values shown is that concerned with the carbon dioxide pro- 
duced by the non-pectic constituents in the residues from the various extrac- 
tions. No satisfactory method for determining this correction is available. 
In the case of apple tissue the amount of carbon dioxide from this source 
must be rather small as evidenced by the low average value for calcium 
pectate in the residues after treatment with Pectinol A (table VI). Addi- 
tional evidence is found in table IV. Here the residual carbon dioxide after 
digestion with Pectinol A was 4.7 mg. and after further treatment with 
sodium hydroxide the value was reduced to 2.2 mg. However, values ob- 
tained by different methods may not be comparable because identical con- 
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stituents are not measured in each case. Thus in table IV the carbon dioxide 
equivalent removed by sodium hydroxide is 2.5 mg. Multiplying 2.5 by the 
factor 5.97 gives 14.9 mg. as the calcium pectate equivalent whereas the 
calcium pectate actually found in the filtrate was 32.6 mg. This indicates 
a considerable discrepancy in the two methods as applied to these small 
amounts. It would appear that either (1) the pectic residues are not com- 
pletely removed by sodium hydroxide (i.e., the value 2.5 is too low); or 
(2) the calcium precipitate determined is not the same as the calcium pectate 
made from pectin. Httis and Spetser (5) have demonstrated that in de- 
esterification by acid the methy! ester groups and the nongalacturonide mate- 
rials are removed at approximately the same rate while in enzyme desterifica- 
tion the nongalacturonide content is reduced only slightly. Additional light 
is thrown on the problem by the calcium content of the calcium pectate 
precipitate. The quadruplicate samples listed in table IV were ashed and 
the calcium content was determined. The mean value found was 2.67% as 
against 7.63% of calcium in calcium pectate as reported by Hinton. These 
results lead one to suspect that the 32.6 mg. of calcium complex in table IV 
contained a considerable proportion of nonuronide material and that the 
carbon dioxide value here may be a better measure of the galacturonic resi- 
dues than the calcium precipitate. 

Numerous trials bearing upon points not previously mentioned were 
made in order to guide the development of the technique employed. Some 
of these are listed briefly. It made no difference whether the alcholic extrac- 
tion of apple tissue was carried out in the blendor or in beakers. Extraction 
of the filter papers with aleohol and water were without effect on the subse- 
quent carbon dioxide values for the papers (blanks). The addition of 
hydrochloric acid to the residues on the fourth extraction with 1% oxalic 
acid was found necessary to avoid high values. 

The data in table V indicate that decarboxylation proceeds approximately 
twice as rapidly in 19% hydrochloric acid as in 12.5%. These and other 
data show that the process is complete in two to two and one-half hours and 
that heating for longer periods increases the yield of carbon dioxide only 
slowly and probably at the expense of nonpectic materials. 

The 25% acid gave satisfactory values for carbon dioxide with still 
shorter boiling periods but yielded large quantities of tar-like materials in 
the boiling flask and condenser. When samples were heated in 30% acid a 
spontaneous reaction took place with an evolution of gases too rapid for the 
apparatus to accommodate. The results obtained with 19% acid are in 
accord with those described by McCreapy and co-workers. 

Table VI shows the mean values for several pectic fractions as deter- 
mined by the carbon dioxide and calcium pectate methods on eight varieties 
of apples. For two of these fractions the comparisons are by direct deter- 
mination (total and insoluble in oxalic acid). It may be noticed that in 
both cases the values are somewhat higher by the carbon dioxide method 
and by roughly the same amount. For calcium pectate values calculated by 
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difference the carbon dioxide method is likewise higher except in the single 
instance of the water soluble fraction where the value obtained by the eal- 
cium pectate method exceeds that by the carbon dioxide method. Here, 
again; the water soluble fraction may contain a considerable amount of 
diluent non-pectic material which serves to increase the weight of calcium 
pectate obtained by the HInTon method in greater relative degree than the 
corresponding weight of carbon dioxide obtained by decarboxylation pro- 
cedure. One is confronted with a choice of methods which seem to measure 
somewhat different entities. 

If a correction were applied for carbon dioxide arising from non-pectic 
residues remaining after digesting the apple tissue with various extractants 
to remove the pectic material, such correction in this work would range 
between 2.2 and 4.8 mg. In table IV the residual carbon dioxide value after 
successive treatments «ith Pectinol A and sodium hydroxide is 2.2 mg. 
However, the mean values for fourteen determinations in duplicate on eight 
varieties were as follows: after extraction with Pectinol A, 3.00 mg.; and 
after extracting with water, oxalic acid, and sodium hydroxide, 4.76 mg. of 
carbon dioxide. 


Summary 


A method for employing 19% hydrochloric acid for the decarboxylation 
of pectic residues in various fractions from apple tissue is described and 
confirms the work of McCreapy and co-workers reported earlier. 

The apple tissue is extracted in a Waring blendor, filtered on either cloth 
or paper, and the residues are heated in the boiling acid for two and one-half 
hours. 

Pectinol A may be used advantageously to determine total pectic sub- 
stances. The pectic content of residues remaining after digestion with this 
enzyme are relatively low. 

It is possible that under certain conditions determinations by the carbon 
dioxide method may be more representative of true pectic content than those 
made by the calcium pectate method. 


WEST VIRGINIA AGRICULTURAL EXPERIMENT STATION 
MORGANTOWN, WEST VIRGINIA 
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Many nutrient solution studies have been conducted to establish the 
external and internal symptoms of potassium deficiency on the plant, and to 
study the effect of factors such as season, temperature, age of plant, and 
various nutrient levels on the uptake of potassium and its movement 
throughout the plant. Batser and DeaMan (1) in studying the effect of 
varying amounts of potassium on the growth and assimilation of young 
apple trees found that growth was better on those trees supplied with 
nutrient solution containing 117 ppm potassium, which was the highest con- 
centration used, than at any of the lower concentrations. Wa.uace (8) 
grew apple trees in quartz sand supplied with nutrient solution containing 
385 ppm potassium and found high potassium content in the foliage of trees 
in this treatment. Varying concentrations of potassium were not used in 
this study by WALLACE, therefore it is not possible to conclude whether this 
concentration of potassium brought about the maximum growth and maxi- 
mum potassium accumulation, or whether that condition would have been 
reached at lower or higher concentrations. 

The present study was made to determine to what extent growth of the 
plant will continue to increase with increased potassium supply in the cul- 
ture media, and whether potassium uptake by the plant will continue after 
that concentration is reached which results in maximum growth. Also, the 
movement of potassium from one part of the plant to another, the level of 
potassium in the leaves at the time deficiency symptoms appear, and the 
variation of potassium content of the tissues at different periods during the 
seasonal growth cycle were matters which were also given attention in this 
study. To afford an opportunity of following the movement of potassium 
in the plant it was decided to initiate the study with trees which were 
making vigorous growth and were relatively high in potassium content. 


Procedure 


One-year-old trees of the varieties McIntosh and Delicious grafted on 
French Crab root stocks were used in this experiment. The roots were cut 
back to enable the root system to fit easily into two-gallon, glazed, porcelain 
crocks which were used as containers. Each crock had a hole in the outer 
periphery of the bottom through which subirrigation could be accomplished. 
A mat of glass wool was placed over the hole to retain the fine quartz sand 
which was used as the growth medium. The trees were planted on March 
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9, 1940, one tree to a crock, 36 McIntosh and 36 Delicious being used. The 
sand was moistened frequently with Hoagland’s nutrient solution no. 1 (5) 
by subirrigation for 5 weeks. The subirrigation equipment was similar to 
that reported on previously by the author (4). 

By April 13 the shoots averaged 20 cm. in height. At that time the 
potassium concentration of the solution was increased to 400 ppm to build 
up the potassium content of the plant tissue. The solutions were renewed 
throughout the remainder of the experiment at approximate two-week in- 
tervals. 

On June 29 the differential potassium treatments were started. Growth 
measurements were made on the trees, and leaves collected from 3 different 
levels on the shoots (terminal, central, and basal) for weight data and 
chemical analyses. Three leaves were collected from each tree at each level, 
and a composite sample made of each location for each plot which was to 
receive a subsequent potassium treatment. Thus, the potassium content 
of the leaves in each plot was known at the time the differential treatments 
were started. 

The sand in all the crocks was leached thoroughly. Nutrient solutions 
were made up having the following concentrations of potassium : — K, 25 ppm 
K, 50 ppm K, 100 ppm K, 200 ppm K, and 400 ppm K. Sodium nitrate 
was used to replace potassium nitrate in the minus potassium and low potas- 
sium solutions up to 200 ppm K which is the approximate concentration of 
potassium in Hoagland’s nutrient solution. The potassium nitrate concen- 
tration of the solution was increased to obtain the 400-ppm treatment. 

The treatments were randomized among the 18 plots, each plot consisting 
of 1 5-gallon nutrient solution supply jar connected to 4 crocks. Thus the 
six treatments occurred in triplicate. 

The potassium concentration of the nutrient solution was maintained at 
the desired level by frequent renewal. 

Leaves were collected from the terminal and central portion of the shoots 
on September 7, and composite samples made for each variety in each treat- 
ment as described previously. 

By October 19 nearly all the trees had formed terminal buds, and the 
experiment for that season was terminated on that date. Growth data were 
obtained and leaf samples again collected. It was net possible to obtain 
‘*basal’’ samples from all the treatments because some of the lower leaves 
had abscissed, particularly with the Delicious. The crocks were taken to 
the cold storage room on November 16 to break the rest period. 


Procedure in 1941 


The trees were returned to the greenhouse January 22, 1941. All shoots 
were cut back to two feet in height to develop a low-headed tree with three 
lateral shoots. Samples of the sections which were cut off were saved for 
analysis; namely, a six-inch section from the apex of each shoot and a six- 
inch section from the base where the cut was made. The sand was moistened 
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with distilled water occasionally while the new growth was starting. On 
February 17 the pots were connected with the subirrigation equipment and 
the treatments started. 

The treatments were the same as in 1940, except that one entire series 
was changed to a minus potassium treatment throughout. Thus, twelve 
McIntosh and twelve Delicious trees which had been supplied in 1940 with 
solutions varying in potassium content from minus potassium to 400 ppm 
of potassium were all supplied with minus potassium solutions. Sodium 
nitrate was substituted for the potassium nitrate in these solutions at a con- 
centration of 0.005 M. 

Leaf samples were collected from the basal and central part of the shoots 
on Mareh 17 and again on April 17, 

The experiment was terminated on May 17. Leaf samples were collected 
for analyses from terminal, central and basal positions on the shoots. The 
remaining leaves were removed for weight determinations. Growth data 
were obtained on the shoots and trunks, and samples taken for analyses. 


Results and discussion 
1940 


Definite potassium deficiency symptoms did not appear on the foliage 
of either variety the first season. The only abnormality which developed 
was with the terminal leaves of some of the trees in the minus potassium 
series in which a slightly curled condition developed as shown in figure 1. 









Se al 
ts Decicious 
en Mc inveoe, r wh . 


Fig. 1. MeIntosh and Delicious trees grown for sixteen weeks in sand culture with 
and without potassium being supplied in the nutrient solution. The ‘‘plus-potassium’’ 
treatments were 200 ppm K. Note the slightly curled appearance of the upper leaves on 
the trees in the ‘‘minus-potassium’’ treatments. 

The symptoms were similar to that which might result from water deficiency. 
CHILDERS (2) has reported a lower rate of transpiration by leaves of apple 
trees and seedlings which were low in potassium as compared with leaves on 


plants receiving adequate potassium. 
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The supply of potassium in the plant at the time the treatments were 
started was adequate to promote good growth in the low potassium and 
minus potassium series during the remainder of the season. The summary 
data presented in table I indicate that there was no significant difference in 
shoot growth of the McIntosh trees in the various treatments. The poorest 
growth did oceur, however, in the minus-potassium and 400-ppm treatments, 
with the best growth in the 200-ppm series. On the other hand, the shoots 
of the Delicious trees in the 100-ppm series made significantly more growth 
than the shoots of the Delicious trees in minus potassium and 400-ppm treat- 
ments. In neither variety was increase in cross-sectional area of the shoots 
significantly different between the different treatments. 


TABLE I 


THE EFFECT OF VARYING AMOUNTS OF POTASSIUM SUPPLIED IN THE NUTRIENT SOLUTION ON 
SHOOT GROWTH OF MCINTOSH AND DELICIOUS TREES GROWING IN SAND* 























LENGTH GROWTH OF | INCREASE IN CROSS-SEC- 
SHOOTS | TIONAL AREA OF SHOOTS 
VARIETY TREATMENT pueges DIFFERENCE | porn DIFFERENCE 
PER TREE | P2QUIREDFOR | | eee | REQUIRED FOR 
SIGNIFICANCEt | ~~ * | SIGNIFICANCEt 
em, mm.” 
MeIntosh -K 21.2 a. 
25 ppm K 24.0 10.0 
50 ppm K 25.2 8.2 11.3 5.6 
100 ppm K 25.0 | 12.0 
200 ppm K 28.5 13.0 
400 ppm K 21.2 11.5 
Delicious -K 28.0 22.0 
25 ppm K 36.0 29.3 
50 ppm K 32.3 8.7 27.7 11.4 
100 ppm K 38.3 25.8 
200 ppm K 32.3 20.2 
400 ppm K 24.0 18.8 

















* Measurements made October 19, 1940. Represent growth since treatments were 
started June 29, 1940. All trees received 400 ppm K prior to June 29. 
t The least difference required for significance by odds of 19:1 between any two 


means within that series. 

The data relative to potassium content of the foliage, as presented in 
table II, indicate that even at the end of the season the foliage on the trees 
in the minus-position treatments had around 1.5% pétassium in the dry mat- 
ter. . The samples collected September 7 contained over 3% potassium indi- 
eating that a more rapid decline in potassium content occurred during the 
latter part of the season. This would be expected since growth was more 
active during September than it was in July and August when the tempera- 
ture in the greenhouse was higher. 

The data on potassium content of the stem tissue as presented in table 
III, show the same general relationship as do data for the foliage from the 
trees in these same treatments. In every case the terminal sections of the 
shoots are higher in potassium than sections from the center of the same 
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TABLE II 


THE EFFECT OF VARYING AMOUNTS OF POTASSIUM SUPPLIED IN THE NUTRIENT SOLUTION ON 
THE POTASSIUM CONTENT OF THE FOLIAGE OF MCINTOSH AND DELICIOUS TREES 


GROWING IN SAND 








McINTOSH 


DELICIOUS 






































TREAT- = resecn w LEAVES SAMPLED LEAVES SAMPLED 
MENT* 
ON SHOOTS | JuNE 29 | Sept.7 | Oct. 19 | June 29| SEPT. 7 | Oct. 19 
POTASSIUM (PERCENTAGE DRY MATTER) 
% % % * | ¢ % 
-K Terminal | 4.18 3.22 1.74 4.29 | 3.08 1.71 
Central | 4.50 3.46 1.66 4.51 | 3.44 1.58 
Basal | 4.60 1.48 4.63 | Aes 1.48 
25ppmK | Terminal | 4.39 3.56 2.60 4.34 | 3.80 2.49 
Central | 4.55 3.66 2.63 4.78 | 3.88 2.40 
Basal 4.65 2.48 4.76 | : 
50 ppm K Terminal 4.47 4.09 4.00 4.31 4.10 4.12 
Central 4.50 3.94 3.47 4.36 405 | 3.99 
Basal 4.58 3.29 4.50 | 3.60 
100 ppm K Terminal 4.15 4.43 4.55 4.42 4.38 4.20 
Central 4.45 3.90 3.59 4.78 | 4.17 3.84 
Basal 4.65 ; 3.24 amt a 
200 ppm K Terminal 4.32 4.66 4.52 4.50 4.57 4.42 
Central 4.46 4.28 3.70 4.57 4.28 4.21 
Basal 4.60 3.07 one. ft wa one 
400 ppm K Terminal | 4.42 4.65 4.50 4.30 | 4.58 4.60 
Central | 4,61 4.37 3.65 4.40 | 4.24 3.95 
Basal | 4.65 4.65 | 


* Treatments started June 29, 1940. 





TABLE III 


All trees received 400 ppm K prior to June 29. 


THE EFFECT OF VARYING AMOUNTS OF POTASSIUM SUPPLIED IN THE NUTRIENT SOLUTION FOR 
ONE SEASON ON THE POTASSIUM CONTENT OF STEM TISSUE OF MCINTOSH AND 


VARIETY 


MelIntosh 


Delicious 





DELICIOUS TREES GROWING IN SAND* 


TREATMENTT 


-~K 
25 ppm 
50 ppm 
100 ppm 
200 ppm 
400 ppm 

-K 
25 ppm 
50 ppm 
100 ppm 
200 ppm 
400 ppm 


ARAARRA 


ARAARR 


* Samples collected Jan. 22, 1941. 


t Treatments started June 29, 1940. 





PERCENTAGE ASH IN 
DRY MATTER 
STEM BASE STEM TIP 
% % 
2.54 4.15 
2.87 4.13 
2.90 4.52 
3.03 4.91 
3.20 4.85 
3.43 4.46 
2.14 4.58 
2.24 4.75 
2.59 4.96 
2.42 5.47 
2.82 5.40 
2.88 5.04 








PERCENTAGE K IN DRY 


WEIGHT 

STEM BASE : STEM TIP 
% % 
0.39 0.50 
0.60 0.76 
0.83 0.98 
0.88 0.99 
0.89 1.07 
1.07 1.18 
0.30 0.47 
0.51 0.75 
0.65 0.79 
0.61 0.81 
0.67 0.86 
0.87 1.02 





All trees received 400 ppm K prior to June 29. 
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shoots. This would be expected, however, in both stem and leaf tissue since 
potassium remains largely water-soluble in the plant and is translocated 
freely through the tops of plants from the more mature tissues to regions 
of active growth as demonstrated by NIGHTINGALE et al. (7), and JANSEEN 
and BARTHOLOMEW (6). Also, the proportion of wood to bark is greater in 
the central section. 
1941 

During the early part of the second season the shoots on all the trees 

developed rapidly and no differences were observed in the rate of growth. 


TABLE IV 


THE EFFECT OF VARYING AMOUNTS OF POTASSIUM SUPPILED IN THE NUTRIENT SOLUTION FOR 
TWO SEASONS ON THE FOLIAR POTASSIUM CONTENT AND PREVALENCE OF SCORCH 
OF MCINTOSH AND DELICIOUS TREES GROWING IN SAND* 
































PERCENTAGE K IN DRY 
TREATMENT MATTER PREVALENCE 
LEAVES SAMPLED OF FOLIAGE 
VARIETY San > eee » % eee : __| sooner ow 
1940 19411 Mar.17|Aprmi17| Mavi7|  MA¥1? 
% %o % 
McIntosh -K -K 1.68 1.02 0.24 Severe 
25 ppm K -K 1.58 0.99 0.25 Severe 
50 ppm K -K 2.40 1.02 0.28 Mild to severe 
100 ppm K | -K | 2.62 105 | 0.33 Mild to severe 
200 ppm K | -K 2.55 134 | 0.44 Trace 
400 ppm K | -K 2.84 156 | 0.63 | Trace 
Delicious -K -K 1.50 1.02 | 0.34 | Severe 
25 ppm K | -K 1.63 0.95 0.53 | Severe 
50 ppm K | -K 2.20 1.05 0.57 | Mild to severe 
100 ppm K | -K 2.04 1.21 0.66 | Trace 
200 ppm K | -K 2.28 1.20 0.57 | Trace 
400 ppm K -K 2.77 1.59 0.76 | Trace 
MeIntosh -K -K 1.61 0.92 0.27 Severe 
| 25 ppm K | 25 ppm K 1.86 0.96 0.46 | Mild 
50 ppm K 50 ppm K 2.53 2.08 1.66 | None 
100ppm K | 100ppmK | 2.85 2.19 2.07 None 
200ppmK | 200ppmK | 3.19 | 3.05 3.00 None 
400ppm KK 400ppmK | 3.72 | 3.58 3.70 None 
Delicious -K -K | 1.46 | 0.84 0.34 Severe 
25ppmK | 25 ppmK | i ae 0.90 | Trace 
50 ppm K 50ppmK | 2.77 2.64 1.81 None 
100 ppm K 100 ppm K 3.01 3.03 2.49 None 
200 ppm K 200 ppm K 3.76 3.08 2.87 None 
| 400 ppm K 400 ppm K 3.57 3.68 3.35 None 


1 i } | 


* The leaves for analysis were collected from the basal part of the shoots. 
t 1941 treatments started February 17. 





Apparently the young shoots were able to draw on the potassium reserve 
accumulated the previous season in the trunks aad roots of the trees receiv- 
ing minus potassium solutions. By the middle of April deficenecy symptoms 
began to appear. The Delicious were generally the first in any treatment to 
develop deficiency symptoms which appeared on both varieties as necrosis 
or scorch of the leaf apex and margin, usually preceded by slight staining 
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or chlorosis. An evaluation of the general condition of the foliage at the 
time the experiment was terminated is given in table IV. 

The shoot growth data, as summarized in table V, show an increase in 
total growth with increasing amounts of potassium supplied in the solution 
up to 200 ppm with McIntosh and up to 100 ppm with Delicious. In the 
series receiving minus potassium treatments in 1941 the increase in shoot 
growth was less, but continued throughout the concentration series. The 
data on leaf weight, also presented in table V, show a similar trend. 
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Fie, 2. The potassium content, as percentage in dry matter, of leaves from shoots 
of McIntosh trees growing in sand for two seasons receiving differential potassium treat- 
ments. Samples collected May 17, 1941.. Each bar represents the value obtained for a 
composite sample of leaves from trees of this variety in a given treatment. 


The differences in response between the 100- and the 200-ppm treatments 
are not great with either variety, and do not approach significance in the 
ease of the trunk growth data which were treated statistically. It does 
seem fairly certain, however, that the concentration of 400 ppm is not as 
favorable for growth as the lower concentrations. Batser and Decman (1) 
found an increase in growth of one-year-old York Imperial apple trees up 
to a potassium concentration of 117 ppm, which was the highest concentra- 
tion they studied. 

BaTsER and Deaman (1) futher report finding no definite potassium 
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deficiency symptoms in the way of leaf scorch at concentrations of potassium 
supplied in the nutrient solution above 10 ppm. With both the MeIntosh 
and Delicious trees used in this study slight scorch did oceur the second 
season on trees receiving potassium at a concentration of 25 parts per mil- 
lion. However, the scorch symptoms did not appear until toward the end 
of the experiment when the temperatures in the greenhouse were higher 
and after a quantity of foliage had developed. This would indicate the im- 
portance of relating potassium deficiency symptoms to season of the year 
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Fig. 3. The potassium content, as percentage in dry matter, of leaves from shoots 
of Delicious trees growing in sand for two seasons receiving differential potassium treat- 
ments. Samples collected May 17, 1941. Each bar represents the value obtained for a 
composite sample of leaves from trees of this variety in a given treatment. 


and condition of the tree. The amount of mineral reserve in the tree is also 
important. For instance, with the trees which received high potassium 
treatments in 1940, but which were on a minus potassium treatment through- 
out the season of 1941, no definite potassium deficiency symptoms occurred, 
although the leaves were somewhat smaller as reflected in their dry weights. 
Thus, the potassium required for shoot and leaf growth the second season 
was supplied by the high reserve of potassium in the trunk, stock and roots. 
The present study further indicates that differences between varieties may 
be expected. This has also been indicated by the work of Davis (3) with 
three English varieties. 
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The data relative to the potassium content of the basal leaves at the three 
sampling dates are presented in table IV. In the series which received 
varying amounts of potassium, the accumulation in the foliage increased 
with increasing potassium supplied in the nutrient solution. Also, in the 
series receiving minus-potassium treatments in 1941, those trees which had 
received potassium in 1940 had greater amounts of potassium in the leaves 
because of the higher reserve which they carried over. 

The basal leaves of trees receiving 400 ppm potassium both seasons 
showed little appreciable decline in potassium as the season progressed. 

The potassium content of the terminal, central and basal leaves at the 
time the experiment was terminated is shown graphically in figures 2 and 3. 

Comparing the data on growth and potassium content of leaves and 
stems, it is apparent that both the varieties will absorb potassium beyond 
the point at which they make their maximum growth. Various indices of 
growth were used but with none of them was growth as good in the treat- 
ments receiving the highest concentration of potassium as at slightly lower 
concentrations, yet the increase in potassium in the leaves was in relation to 
the increase in potassium throughout the treatments. 


Summary 


Sand culture experiments were conducted for two seasons with young 
McIntosh and Delicious trees to study their response to nutrient solutions 
having potassium concentrations of 0, 25, 50, 100, 200 and 400 parts per 
million. 

The results of the first season’s experiment indicated that the high potas- 
sium content of the trees at the time the differential treatments were started 
was adequate for satisfactory growth in the low-potassium and minus-potas- 
sium treatments the rest of the season. No scorch developed on the foliage 
of any of the trees. 

Potassium stored in the trunk, stock, and root system the first season 
under the high-potassium treatments was sufficient to promote fair growth 
of shoots the second season when these trees were supplied with minus- 
potassium solutions. 

The analyses of leaves from various locations on the shoots indicate that 
on trees supplied with minus-potassium and low-potassium solutions, potas- 
sium will be translocated from the lower leaves to the apical growing region. 

No potassium deficiency symptoms were apparent on either variety when 
the trees were supplied with nutrient solution containing 50 ppm potassium 
or more. Growth increased with increasing concentrations of potassium up 
to 200 ppm with McIntosh and up to 100 ppm with Delicious. 

Data are presented which indicate that potassium may be freely absorbed 
by apple trees beyond the point at which maximum growth occurs. 

The importance of season, temperature and mineral reserve of the tree 
in interpreting potassium tissue analyses is discussed. 
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When Bryophyllum calycinum leaves are detached from the plant and 
cultured in water in darkness at ordinary room temperature, the course of 
the changes in composition with respect to the organic acids, the protein 
and the starch depends upon the time of day at which the samples were 
collected (5). If leaves are taken in the afternoon at a time of low acidity 
and low protein content, there is a prompt increase both in acids and in 
protein and a corresponding decrease in the high starch content. Alterna- 
tively, if the leaves are collected in the morning at a time of high acidity and 
protein content, both acids and protein fall and the starch increases. These 
changes take place within the first 24 hours and appear to be expressions 
of the normal metabolism of this species. After 24 hours, certain other 
changes begin to make their appearance; in particular, for leaves collected 
in the afternoon, the acids and the protein, after reaching maxima, begin to 
fall and the starch may increase during the second day of the culture period. 
It seems possible that this reversal in the direction of the chemical changes 
represents the initiation of the catabolic changes that inevitably follow ex- 
cision of a leaf. Accordingly, in order to study this possibility further, an 
experiment was carried out in which the culture period at 20° C. was pro- 
longed to 6 days and, in addition, parallel cultures were carried out at 
9° C. and at 1° C. in the hope that, at the lower temperatures, the reac- 
tions might proceed more slowly and certain of the details might be revealed 
more clearly. The present paper gives a report of this experiment. 


Methods 
SELECTION OF SAMPLES 


Bryophyllum calycinum plants were potted in sand on October 7, 1942 
and were grown in the greenhouse upon a nitrate-containing culture solu- 
tion (See (4) for details of composition). In the afternoon of June 2, 1943, 
a hot sunny day, 30 plants were selected and about 500 young leaflets were 
picked from the second to the fourth leaf, counting from the top of the 
plants. The leaflets were taken to the laboratory and eleven samples of 40 
leaflets each were rapidly chosen at random and were then adjusted, by the 
interchange among the samples of at most 5 leaflets, so as to be of equal 
weight. The mean fresh weight of the samples was 134.3 + 0.2 grams. 
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Two samples were at once placed in the drying oven at 80° C. and subse- 
quently prepared for analysis (4), while the others were arranged in wooden 
racks with the bases of the leaflets immersed in water in enamel-ware trays, 
three samples being placed in each of three completely dark rooms the tem- 
perature of which was controlled, respectively, at 20°, 9°, and 1° C. All 
samples were in position by 4 p.m. (standard time) which was taken as the 
zero time of the experiment. 

Fundamental data on the individual samples are shown in table I which 
also gives information on the times that samples were withdrawn for analy- 
sis. The analytical data were computed by means of factors derived from 


TABLE I 


FUNDAMENTAL DATA ON SAMPLES OF EXCISED YOUNG Bryophyllum calycinum LEAFLETS 
SUBJECTED TO CULTURE IN WATER IN DARKNESS AT THREE DIFFERENT TEM- 
PERATURES. FIGURES NOT OTHERWISE DESIGNATED ARE GRAMS. 

EACH SAMPLE CONSISTED OF 40 LEAFLETS COLLECTED 
IN THE AFTERNOON 





FRESH WEIGHT 












































FRESH FRESH CRUDE | ¢ ‘RUDE DRY 
Pane WEIGHT: WEIGHT: | DRY | WEIGHT PER KILO: 
START END | WEIGHT | PERKILO | END 
CONTROL SAMPLES 
0 134.3 | 130 #=| «968 
0 134.5 | 12.7 94.4 
CULTURED AT 20° C., 

23 134.0 143.5 | 12.9 | 963 | 1071 
66 134.2 142.1 12.6 93.9 1059 
142 134.2 131.0 | 11.9 88.7 976 
CULTURED AT 9° (¢ 
23 134.2 | 144.9 13.4 99.8 | 1080 
66 134.6 149.0 13.3 98.8 1107 
142 134.5 148.9 12.5 92.9 | 1107 
CULTURED AT 1° C. 

23 134.2 | 142.2 13.0 96.9 1060 
66 134.6 141.2 13.2 98.1 1049 
143 134.1 122.5 12.7 94.7 914 











these figures so as to show the quantities of each component that would have 
been found if each sample had weighed exactly 1 kilo at the start of the 
experiment. 

The set of samples cultured at 20° C. was designed to furnish a control 
at approximately normal room temperature and this test was essentially a 
duplicate of the previous experiment carried out with leaves picked in the 
afternoon (5). The chief difference is that the leaflets of the present ex- 
periment were selected from the youngest fully developed leaves on the 
plants, whereas, in the earlier experiment, the samples represented all of the 
compound leaves, that is, all leaves exclusive of the 6 to 9 simple leaves that 
occupy the lowest position on the stem in this species. 
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The limits within which the samples initially duplicated each other in 
composition can best be appreciated from the data for ash and total nitrogen 
plotted in figures 1, 2, and 3. It would not be expected that either of these 
components would be altered by the treatment. The mean value of the ash 
of the 11 samples was 7.75 + 0.18 grams per kilo of original fresh weight, 
the standard deviation being + 2.3% of the mean. The mean value for 
total nitrogen was 2.47 + 0.10 grams per kilo, the deviation being + 4.1% 
of the mean. Accordingly, in spite of the fact that the original fresh weight 
of the samples varied less than 0.2% as a result of the method of selection, 
the coefficients of variation with respect to nitrogen and ash were precisely 
the same as those observed in the previous experiment (5) where no attempt 
was made to equalize the initial fresh weights of the samples. It may there- 
































Cultured at 20° C. Cultured at 9° C. Cultured at 1° C. 
Darkness Darkness 
3 Se 
Total Total 
Pe ae 
2 +o 0 —__» 
Protein N 
Protein i 
1 
10; 6 
5b Ash 
7 i i + & i i i j x ry i. 7% 5 
Hre.40 80 120 160 Hrs.40 680 120 160 Ere. 40 80 120 160 


Fias. 1 to 3. Nitrogen, protein, and ash content of excised leaflets of Bryophyllum 
calycinum cultured in water in darkness respectively at 20°, 9°, and 1° C. Data are 
expressed in grams per 1 kilo of original fresh weight. 


fore be assumed, as before, that differences in composition substantially in 
excess of + 4% observed for other components are results of the treatment 
to which the leaves were exposed. 


Results 


PROTEIN 


The effect upon the protein of the temperature at which the samples were 
cultured in darkness is shown in figures 1, 2, and 3. No change was detected 
at 20° C. during 66 hours but the sample analyzed at 142 hours showed a 
definite decrease. Unfortunately, no sample was analyzed at the 14-hour 
point so that the phenomenon of increase in the protein shortly after the 
leaves were placed in darkness (5) was not observed. However, there was 


a slight increase at 23 hours in the samples cultured at 9° C. and a rise in 


the curve is also apparent at the 66-hour point in the sample at 1° C. These 
inereases are respectively 6% and 5% of the initial value and are thus at 
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the limit of significance ; nevertheless, if it be assumed that chemical reac- 
tions within the cells are slowed down by the decrease in temperature, the 
behavior observed is consistent with what would have been anticipated from 
the previous experiment. 

The decrease in protein at 142 hours in the experiment at 20° C. is like- 
wise to be expected from analogy with the behavior of the protein of tobacco 
and rhubarb leaves (7, 8). During prolonged culture of detached leaves 
either in darkness or’in light, decomposition of the protein owing to hydroly- 
sis by proteolytic enzymes is invariably encountered. With tobacco, this 
ean be demonstrated to have been initiated within 24 hours but the protein 
of Bryophyllum leaves is more slowly attacked ; definite evidence of prote- 
olysis was not secured at the end of 48 hours in the previous experiments (5). 
The present case is clear, however; the decrease in protein nitrogen at 142 
hours was almost 18% of the initial value. The decrease at 142 hours in the 
experiment at 9° C. was nearly 8% and thus also suggests that proteolytic 
action had begun to become significant at this point. At 1° C., however, 
there was no indication of the initiation of proteolysis even after 143 hours. 


ORGANIC SOLIDS 


The lower curves in figures 4, 5, and 6 show the behavior of the organic 
solids at the three temperatures. No change was observed during the first 
day of the culture period, but statistical examination of the results’ at 23, 
66, and 142 hours for the three tests showed that there is less than one chance 
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Figs. 4 to 6. pH, organic solids, and organic acids of excised leaflets of Bryophyl- 


lum calycinum cultured in water in darkness respectively at 20°, 9°, and 1° C. Data are 
expressed in grams per 1 kilo of original fresh weight. 


in 50 that the organic solids are not a diminishing function related to time. 
Thus, loss of organic solids by uncompensated respiration, although slow, 
does oceur during prolonged culture of Bryophyllum leaves in darkness. 
Moreover, the rate of loss at 9° C. was searcely perceptibly less than that 
at 20° C. although that at 1° C. was apparently slower. 


1 We are indebted to Dr. C. I. BLiss for this analysis. 
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ORGANIC ACIDS AND CARBOHYDRATES 

The upper curves in figures 4, 5, and 6 show the effect of culture on the 
pH of the leaves. At 20° C., there was a drop of 1.4 units during the first 
day owing to the prompt synthesis of organic acids in the leaves when first 
placed in darkness and, at 9° C., the drop was 1.7 units in the same period. 
At 1° C., the drop was only 1.1 units. The subsequent course of the curves 
was different in each case. At 20° C., the pH slowly rose, suggesting that 
organic acids were slowly decomposed as the culture period progressed ; this 
behavior is similar to that previously observed (5). At 9° C., however, the 
pH remained at about the same low level throughout the entire period after 
the first day of the experiment, suggesting that decomposition of organic 
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Figs. 7 to 9. pH, organic acids, and carbohydrates of excised leaflets of Bryophyl- 
lum calycinum cultured in water in darkness respectively at 20°, 9°, and 1° C. Data are 
expressed in grams per 1 kilo of original fresh weight. 


acids did not occur ; while at 1° C., the pH continued to decrease for 66 hours 
and then remained essentially constant. 

The curves for total organic acids in figures 7, 8 and 9 correspond fairly 
closely with the inferences to be drawn from the curves for pH. The marked 
increases during the first day at all three temperatures are evident, but the 
most striking feature is that the increase was larger at the lower tempera- 
tures than at 20° C.; it would appear that the position of equilibrium was 
displaced in the direction of a higher concentration of organic acids at low 
temperatures. 








128 PLANT PHYSIOLOGY 


The behavior of the starch (plotted as a broken line in the figures) was, 
in each case, roughly symmetrical with that of the total organic acids. At 
20° C., starch decreased during the first day by 8.4 grams while 11 grams 
of organic acids were being formed. During the remainder of the culture 
period, organic acids diminished by 5.1 grams while starch increased by 0.5 
gram. This increase was too small to be significant, but the phenomenon 
resembles that previously observed (5) where an appreciable quantity of 
starch appeared during the second day of a similar culture experiment at a 
time when the organic acids were diminishing. 

At 9° C., 17 grams of organic acids were synthesized in the first day 
while 11.1 grams of starch disappeared ; subsequently there was no change 
in either total acids or starch. At 1° C., the symmetry of the curves for 
acids and starch is especially well marked for the first 66 hours; during this 
period, 16 grams of acids were formed while about 6 grams of starch dis- 
appeared. During the last 3 days of the culture period, however, the total 
organic acids dropped by about 2 grams and starch also dropped by 2.4 
grams. 

Perhaps the most important inference from these figures is that in all 
eases the quantity of starch consumed during the first day was less than the 
quantity of organic acids produced. Although there seems little doubt that 
the starch contributed largely to the formation of the acids, and at 9° C. 
was ultimately almost exhausted, other components of the tissue were almost 
certainly drawn into the reactions. Nevertheless, the change in the soluble 
carbohydrates (plotted in the-figures as a broken line connecting filled 
circles) was too small to account for the difference. The experiment at 20° 
C. differs in this respect from the previous culture experiment (5) in which 
the loss of starch from a sample of leaves cultured under similar conditions 
considerably exceeded the increase in organic acids. In that case, it was 
possible to conclude that the organic acids may have been derived entirely 
from the metabolism of the starch; in the present case, a similar conclusion 
cannot be drawn. Thus, the relationship between the acids and the starch 
is by no means a simple one and the caleulation of stoichiometric quantities 
is obviously futile ; starch may be the source of much of the acid, in certain 
cases of all, but it is not the only possible source. 

The details of the changes in the organic acid composition of the samples 
are also plotted in figures 7, 8, and 9. At 20° C., there was a prompt and 
extensive synthesis of malic acid during the first day followed by a rapid 
decline. Meanwhile, citric acid accumulated in the tissues during 66 hours 
and then remained at a constant level for the rest of the experimental period. 
Isocitric acid was high at the start and underwent a rather small drop fol- 
lowed by arise. The relationships among these acids after 23 hours is in- 
dicative of transformation of malic into citric and isocitric acids coupled 
with disappearance of a small part of the acidity. 

At 9° C., malie acid production at the expense of starch was stimulated 
during the first day in comparison with the behavior at 20° C.; subsequently, 
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malice acid appears to have been extensively transformed into ecitrie acid 
although to only a small extent into isocitric acid. There was only a negli- 
gible loss of total acid. In both experiments, starch decomposition ceased 
after the first day but, at 9° C., nearly all of the starch had been consumed 
and there was a detectable increase in soluble carbohydrates in the interval 
between 23 and 66 hours. Only part of this could have arisen from the 
starch as the quantity was too great. However, other sources of soluble 
carbohydrates were doubtless present. 

At 1° C., the behavior of the acids was quite different; the increase in 
malie acid continued for 66 hours and there was also an increase in isocitrie 
acid, especially during the first day. This is in contrast to the behavior of 
isocitrie acid in the samples at the higher temperatures; in both of these, 
isocitrie acid decreased during the first day. The most striking point, how- 
ever, is that malic acid did not decrease during the last days of the culture 
period ; the decomposition of this substance was apparently suppressed at the 
low temperature. Instead, isocitric acid decreased while the formation of 
citric acid continued from the start although at a diminishing rate. The 
evidence for the transformation of isocitric acid to citric acid is thus espe- 
cially clear. The drop in total acidity during the last 4 days appears to have 
arisen from the decomposition of isocitric acid and was only in part com- 
pensated for by the inerease in citric acid. 

Starch continued to decrease throughout the experiment, finally almost 
completely disappearing and, whatever its fate may have been after 66 hours, 
it was not converted into organic acids, or, if so, the reactions continued 
beyond the organic acid stage. As at 9° C., there was a small but probably 
significant increase in soluble carbohydrate in the interval between 23 and 
66 hours, followed by a small drop. 


Discussion 


Perhaps the most striking feature of these experiments is the lack of 
evidence of a temperature coefficient of the anticipated order of magnitude 
for the reactions that occur during culture. Ordinarily, one expects a de- 
crease of 10° C. to result in a reaction rate of about one-half of that at the 
higher temperature. On the contrary, in the present experiments, a drop 
of 11° C. substantially increased the quantity of total organic acids pro- 
duced in 23 hours, increased the quantity of malice acid formed in the same 
period, and increased the quantity of starch consumed. The quantity of 
citric acid formed in the first day was indeed almost exactly twice as great 
in the experiment at 20° C. as at 9° C., but the total quantity formed in 143 
hours was nearly twice as great at 9° C. as at 20° C. and a further drop in 
temperature to 1° C. diminished the total quantity of citric acid formed only 
to the level of the experiment at 20° C. In other words, culture of Bryo- 
phyllum leaves at 9° C. appears to stimulate the formation of citric acid as 
compared with higher or lower temperatures. Wolf (10) has already 
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recorded the observations that culture at 7 to 8° C. appears to stimulate total 
acid production and (9) starch utilization. 

The decrease in temperature from 9° to 1° C. diminished the rate of total 
acid production appreciably, 66 hours being required to produce as much 
acid at the lower temperature as was produced in 23 hours at the higher. 
This relation gives a temperature coefficient for the over-all reaction of ap- 
proximately the anticipated order of magnitude. It is also true that the 
quantities of malic acid formed and of starch consumed in 23 hours at 9° C. 
were about twice the quantities at 1° C. and that the total quantity of citric 
acid formed in 142 hours at 9° C. was only slightly less than twice that 
formed in about the same time at 1° C. But here the easily perceived regu- 
larities cease; Wolf’s statement that the positions of the reaction equilibria 
are ‘‘streng temperaturabhangig’’ is undoubtedly correct and it seems clear 
that to attempt a more detailed analysis of the situation in the absence of 
fuller data as well as of information concerning the enzyme systems would, 
at the present time, be premature. 

There is no doubt that many different equilibria are concerned. Only 
a few of the individual reactions stand out clearly as, for example, the con- 
version of malic to citric acid shown by the curves of figure 8. This is 
a reaction already well known to take place in tobacco leaves (6, 7) under 
somewhat similar conditions. The evidence that starch is a source of the 
organic acids synthesized in darkness also seems unequivocal. But the posi- 
tion in the general scheme of reactions of isocitrie acid, for example, is espe- 
cially puzzling and there is no hint whatever in the present data of an 
explanation of why malic acid should play the dominant role in the trans- 
formations that occur at the start of the culture period. 

That the acid metabolism of crassulacean plants is affected by the tem- 
perature at which the studies are made has long been known. The earliest 
experiments were apparently those of pz Vries (2) and the field up to 1932 
has been reviewed by Evans (3). BENNET-CLARK (1) has pointed out that 
the transformation of carbohydrate to malic acid is a reaction that liberates 
energy and accordingly the production of acid should be promoted by a 
decrease in temperature. This was found by him to be the case for Sedum 
praealtum and has also been noted by Wolf for Bryophyllum. The present 
experiments are in agreement with respect to the temperature range from 
20° to 9° C. but there is a limitation inasmuch as further decrease in tem- 
perature does not lead to still greater production of acid as is clear from 
figures 8 and 9. The position of the equilibrium is thus controlled by fac- 
tors in addition to temperature as the freezing point of water is approached. 

Although the explanation of biochemical events in terms of physico-chem- 
ical relationships is the goal of investigations such as these, only incomplete 
success can be anticipated unless the physical chemical systems themselves 
are isolated. It is manifestly insufficient merely to isolate the tisswe as has 
been attempted in the present instance; the reactants themselves and the 
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catalysts of the reactions, the enzymes with their various co-factors, must be 
isolated before a full explanation of the events will be forthcoming. 


Summary 


Samples of young leaflets of Bryophyllum calycinum picked in the after- 
noon were cultured in water in darkness respectively at 20°, 9°, and 1° C., 
and determinations of the organic acids and starch were made at intervals 
over a period of 6 days. At 20° C., the total organic acids increased mark- 
edly for the first day and subsequently decreased slowly; the changes in 
malic acid accounted for much of the change but citric acid increased at first 
rapidly and then slowly throughout the experimental period; isocitrie acid 
changed very little. Starch decreased during the first day and then re- 
mained nearly constant. 

At 9° C., total organic acids increased during the first day more rapidly 
and to a greater extent than at 20° C., malic acid again being mainly re- 
sponsible ; subsequently the total acids remained constant but malic acid 
decreased, its place being taken by citric acid and, to a minor extent, by 
isocitric acid. Starch nearly disappeared during the first day and remained 
at a low level throughout. 

At 1° C., the increase in organic acids was somewhat slower than at 9° C. 
but was almost equally as extensive. All three of the main organic acids 
shared in the increase although malic acid played the largest role. Malie 
and citric acids rose to maxima that were maintained throughout, but iso- 
citric acid decreased moderately during the last 3 days of the experiment. 
Starch decreased throughout although more slowly than at 9°, and finally 
almost disappeared. In none of the experiments was there any substantial 
change in the soluble carbohydrates, nor was the loss of starch quite suffi- 
cient to account for all of the organic acid formed; thus although starch is 
doubtless the main component that contributes to the formation of acids, it 
is not necessarily the only one. 

The increased formation of organic acids at 9° C. as compared with 20° 
C., following BENNET-CLARK, is tentatively ascribed to the fact that the 
oxidation of carbohydrate to organic acids is a reaction that liberates energy 
and should accordingly be promoted by decrease in temperature. However, 
there is a limitation upon this promotion as the freezing point of water is 
approached. Because of the complexity of the series of chemical reactions 
involved, few cases could be perceived in which a decrease of about 10° C. in 
temperature diminished the extent of the reaction by one-half. 
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The remarkably high concentration of vitamin C in immature walnuts 
and in walnut hulls was first reported by GHERGHELEZHIU (1), who noted 
that the walnuts developed a maximum concentration of 2.5% vitamin C 
(wet basis) just before hardening of the shell took place. Subsequently, 
there was a gradual loss of vitamin C up to maturity. HEnNie and OHSKE 
(2) confirmed these observations and noted that the percentage of total vita- 
min C (ascorbie and dehydroascorbic acid) in the green hulls decreased from 
1.0% in July to 0.26% in October; the dehydro-form represented less than 
one-tenth of the total vitamin C. A maximum value of 1.8% ascorbie acid 
in the whole immature walnuts was reported by Pyke, MELVILLE, and Sar- 
son (3). MELVILLE, WoKEs, and OrGAN (4) measured the amount of reduc- 
tones’ in immature walnuts ranging in weight from 2 to 40 grams, and found 
about 30% of the total apparent (dichlorophenol-indophenol titratable) vita- 
min C to be reductones. However, Luge and WELLER (5) reported that only 
5-10% of the total reducing capacity of the walnut extracts could be assigned 
to reductones, and that only about 5% of the total vitamin C (ascorbic plus 
dehydroascorbie acid) occurred as dehydro-acid. Recently TuBpa, HUNTER, 
and OsBorNE (6), using the method of Levy (7), have published values for 
the non-vitamin C reductants, expressed as percentage of total indophenol 
dye reductants, of 38% for the whole immature walnut of 4.2 gm. weight, 
and 24% for a walnut weighing 8.5 gm. 

As a part of investigations dealing with the utilization of waste walnut 
hulls as a commercial source of vitamin C, we have measured the vitamin C 
content of the Persian (English) walnut at different stages of development 
during two seasons. The amount of reductones and the distribution of vita- 
min C in the differentiated structures of the maturing walnut have also been 
determined. The amount of biologically active vitamin C in the immature 
walnuts has been measured and compared with the values obtained by the 
chemical methods. 


Procedure 


The data presented in this paper were obtained from experiments with 
walnuts of five commercial varieties, grown in Ignacio Valley near Walnut 
Creek, California. Walnuts were picked from the trees and immediately 


1 The term ‘‘reductones’’ as used in this report refers to the naturally occurring and 
derived substances which give the reduction of 2.6 dichlorphenol indophenol dye character- 
istic of vitamin C but have no vitamin C activity. 
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immersed in a weighed amount of 1% aqueous sulfur dioxide solution. After 
storage at 1° C. overnight, determinations of average weight per nut, per- 
centage moisture-free solids,’ vitamin C, and reductones were made on each 
sample. The number of nuts per sample varied from 25 at the beginning 
of the collections in May to 4 in September. 

The immature walnuts were cut into quarters by hand and then disinte- 
grated by means of a Waring Blendor for 2—5 minutes in the sulfur dioxide 
solution in which they were collected. An aliquot of this homogenized sam- 
ple was diluted to a definite volume with 1% sulfur dioxide solution; after 
allowing the solids to settle, the clear supernatant was pipetted off, further 
diluted with 1% metaphosphoric acid, and acetone added to a concentration 
of 20% by volume. The acetone is necessary to prevent fading of the indo- 
phenol dye by the sulfur dioxide in the extract. Vitamin C was determined 
on the final dilution, containing 0.01—0.02 mg. vitamin C per ml., by the 
LOEFFLER and PontiNe (8) modification of the 2,6-dichlorophenol indophenol 
method. A Coleman spectrophotometer set at 520 mp» was used for this 
colorimetric test. 

Reductones or spurious ascorbic acid were estimated according to the 
method of WOKEs, ORGAN, DUNCAN, and Jacospy (9). The final dilution of 
the walnut extract contained 20% acetone, 1% metaphosphorie acid, 8% for- 
maldehyde, and 0.2 M acetate buffer (pH 4.4). Fading of the 2,6-dichloro- 
phenol indophenol dye by the extract was measured 6 minutes after the 
formaldehyde had been added. 

When the various parts of the walnut had differentiated sufficiently (131 
days after blooming) to permit separation, representative samples were dis- 
sected into green hull, shell, kernel, and a light-colored soft tissue under the 
shell which is called the packing tissue. The weight, solids content, and vita- 
min C of these parts were determined on pooled samples. 


BIOASSAY OF VITAMIN C IN IMMATURE WALNUTS 


Growth and survival of guinea pigs were used as semi-quantitative meas- 
ures.of the amount of biologically active vitamin C. Determinations were 
made on the sulfited aqueous extracts of whole immature walnuts at 35 days 
of age and of walnut hulls at maturity® (170 days), and on the acid eluates 
obtained from the adsorption and elution of these two extracts on a synthetic 
organic anion exchange resin.* 

For each experiment, a comparatively uniform lot of young male guinea 
pigs, ranging in weight from 200 to 250 gm., were obtained from a com- 

2 Moisture-free solids were determined by drying weighed aliquots in a vacuum oven 
at 65° C. for 24 hours. 

3 ‘*Maturity’’ as used in this paper represents the state of development of the nuts 
at harvest time. It is the practice in the area represented by the samples collected to 
harvest before the hulls open and while they are yet green. 

4 Amberlite IR-4 was used. The mention of this product does not imply that it is 
endorsed or recommended by the Department of Agriculture over others of a similar 


nature not mentioned. 
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TABLE I 


COMPOSITION OF BASAL DIET FOR VITAMIN C BIOASSAYS 
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INGREDIENT 





Rolled oats 


Baker’s bran. ............... 

Dried skimmed milk (heated to 100° C. for 8 hrs.) 
Cottonseed Oil 0.0.0.0... 

Cod liver oil (U.S.P.) .. 

Brewer’s yeast ........... 

Salt mizture® ................. 





%o 
36 


99 


26 
6 
2 
4 
4 








* The salt mixture contained, in percentages: calcium carbonate, 42; 
20; magnesium sulfate, 20; potassium chloride, 14; ferric citrate, 2.5; manganese sulfate 
monohydrate, 0.6; cupric sulfate pentahydrate, 0.15; potassium iodide, 0.004; and cobalt 


sulfate, 0.0002. 


mercial source. 


% VITAMIN C IN WALNUTS ON ORY BASIS 


sodium chloride, 


They were maintained on a diet of commercial rabbit feed 
(low in vitamin C) and water ad libitum for 9 days after being received in 
the laboratory. Equivalent test groups of 9-11 animals each were then 
assembled and fed water and the basal diet (table I) ad libitum, over a 
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Fie. 1. Vitamin C content of walnuts (1944 season). 


@ ————— Payne variety, 3 samples 
@ ---+----- - Concord variety, 3 samples 
oO ———— Eureka variety, 1 sample 


O------ : Persian (soft shell), 1 sample 
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TABLE II 


RELATION OF WEIGHT AND PERCENTAGE SOLIDS OF WALNUTS TO STAGE OF DEVELOPMENT. 
AVERAGE OF THREE SAMPLES OF THE PAYNE VARIETY, 
1944 AND 1945 SEASONS 




















DAYS AFTER BLOSSOMING WEIGHT SOLIDS CONTENT 
1944 | 1945 1944 1945 1944 1945 
| gm./nut gm./nut % % 
28 0.9 17.7 
39 2.5 16.7 
53 12.6 13.0 
57 20.3 11.3 
68 36.3 14.1 
76 | 45.0 13.8 
82 45.4 16.0 
92 (66.3) 14.8 
105 51.0 18.2 
111 58.3 19.8 
131 60.3 20.7 
136 52.7 18.9 
167 | | 26.1 








4-5-week experimental period. 








ment by mouth as indicated below for each experiment. 
Extracts of immature walnuts and mature walnut hulls were prepared 
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Vitamin C content of walnuts (1945 season). 


The vitamin C was given as a daily supple- 
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by disintegrating the frozen material, by means of a Waring Blendor, in 
twice their volume of 0.1% aqueous sulfur dioxide solution. The blended 
mixture was centrifuged, the supernatant liquid filtered through coarse filter 
paper, and the final filtrate stored at 1° C. in small, completely filled flasks. 
The contents of a new flask were used for each day’s feeding. The extract 
was analyzed chemically for vitamin C and reductones at sufficiently fre- 
quent intervals to be certain that no changes in potency had occurred. Dilu- 
tions of this extract with twice glass-distilled water were made for the daily 
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Fig. 3. Vitamin C content per walnut (1944 season). 


feeding, so that 0.5-ml. doses contained graded amounts of vitamin C, based 
on the chemically determined (indophenol test) vitamin C minus the esti- 
mated reductones. Solutions of U.S.P. crystalline ascorbic acid were simi- 
larly made up daily, so that 0.5-ml. doses contained the same graded amounts 
of vitamin C, and the same concentration of sulfur dioxide as did the equiva- 
lent doses of hull extract. 

The acid eluates were prepared from the aqueous sulfited extracts in the 
following manner: An adequate amount of the synthetic organic anion 
exchange resin, held in a glass column, was washed with dilute hydrochloric 
acid and then with distilled water. The walnut extract was passed through 
the column of resin slowly, followed by distilled water. The vitamin C was 
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adsorbed essentially quantitatively. Elution of the vitamin C from the resin 
was accomplished with 0.1N hydrochloric acid. The resulting acid eluate 
was concentrated in vacuo and fed as described above for the extracts. 


Results 


The average individual weight of the sampled walnuts increased continu- 
ously over the growing season. The percentage of moisture-free solids, how- 
ever, decreased gradually during the second month of growth in 1945, after 
which a steady increase occurred. Representative data, showing these rela- 
tionships, are given in table IT. 


1.0 





"7 











9S 
ca) 
— | 


$< 
eS 








VITAMIN C PER WALNUT (GRAMS) 








a 
a) 























40 80 120 
DAYS SINCE BLOOM-— /945 


Fie. 4. Vitamin C content per walnut (1945 season). 


In figures 1 (1944 season) and 2 (1945 season) the percentage of vitamin 
C in the whole walnut on a dry weight basis has been plotted against days 
after blossoming. The average estimated blossoming dates for the Payne, 
Persian (soft shell), Concord, and Eureka varieties were April 6, April 6, 
April 13, and April 16, respectively. Amounts of vitamin C, expressed in 
grams per walnut, have been plotted in the same manner in figures 3 and 4. 
The curves indicate a maximum concentration of vitamin C about 40 days 
after blooming and a maximum amount of vitamin C per walnut at 80 days. 
Values of 1.5% vitamin C, on a dry weight basis, at maturity (170 days) for 
the whole walnut correspond to 6-8% for the hulls, since the nuts (minus 
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hull) at this stage contain most of the moisture-free solids and practically 
none of the vitamin C. Differences between the four varieties are probably 
not significant. 

The distribution of vitamin C in the various parts of the differentiated 
immature walnut was essentially constant between varieties and samples of 
the same variety. Table III presents the average values from three samples 
of Payne walnuts, picked 131 days after blooming. A surprisingly large 
fraction of the total vitamin C was found in the packing tissue. 

There were no apparent trends or consistent differences in the relative 
concentration of reductones in the immature walnuts as related to maturity 
or variety. Expressed as percentage of total apparent vitamin C, the aver- 
age values from the eight samples collected during 1944 ranged from 4 to 11, 


TABLE III 


PERCENTAGE DISTRIBUTION OF WET WEIGHT, SOLIDS, AND VITAMIN C IN THE 
DIFFERENTIATED PARTS OF THE IMMATURE WALNUT 
(AVERAGE OF 3 SAMPLES OF PAYNE WALNUTS PICKED 131 DAYS 
AFTER BLOSSOMING ) 























ParRT WET WEIGHT SoLips | VITAMIN C 
% % | % 
ee 55 45 52 
Packing tissue ................ 17 12 32 
Shell .. _ 16 14 15 
Kernel 12 29 1 











with an overall average of 7% ; during 1945, the range was from 4 to 14, 
with an overall average of 8%. 

Results of the vitamin C bioassays with guinea pigs are given in table IV. 
The basal diet was quite satisfactory, since the guinea pigs lost weight 
rapidly and died within 2-4 weeks on the unsupplemented diet; they grew 
normally, however, when an adequate supplement of vitamin C was added. 
For all four of the samples tested, the data indicated that, within the limits 
of error of the animal test, the chemically determined values are reliable 
estimates of the biologically active vitamin C present. Experiments 2 and 
3 were complicated by an unusually high mortality which was apparently 
unrelated to the level of vitamin C or walnut extract fed, and was probably 
due to the poor quality of guinea pigs obtained from a commercial source. 
At the termination of Experiment 3, the dosage of hull extract was increased 
several fold and the feeding continued for 11 days without any apparent 
toxic effect on the surviving animals. Guinea pigs from another source were 
used in Experiment 4, resulting in a marked increase in survival at all levels 
and a decrease in standard error. 


Discussion 


Values obtained for the percentage of reductones agree with the 5-10% 
figure given by Luae and WELLER. The presence of larger amounts of such 
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TABLE IV 


COMPARATIVE EFFECTS OF SUPPLEMENTS OF PURE VITAMIN C AND WALNUT EXTRACTS 
ON THE SURVIVAL AND GROWTH OF GUINEA PIGS ON A 
VITAMIN ©-DEFICIENT DIET 











VITAMIN C Thatey waste ap RV 4 ae hyp = WEIGHT 
SUPPLEMENT VITAMIN Aves 2 
TTAMIN C WEEKS SURVIVORS ONLY 
mg. % gm./day + Stand. error 








EXPERIMENT 1 


















































5 oa oe 0.0 0 

Pure vitamin C ...................... 0.12 44 -2.3 

Pure vitamin C ............ 0.25 67 — 0.8 + 0.5 

Hull extract ...................... = 0.25* 67 +0.5 +0.5 

Pure vitamin C 0.50 89 +3.0 +0.7 

Hull extract = 0.50* 89 | +24 +0.6 

Pure vitamin C . 1.00 89 +3.7 +0.7 

Hull extract = 1.00* 100 +41 +0.5 
EXPERIMENT 2 

None Paes LAW aA ica 0.0 0 

Pure vitamin C .............. 0.12 27 -1.6 

Pure vitamin C ............. 0.25 45 +1.6 +1.1 

Hull eluate ox 0.25* 70 +1.1 + 0.6 

Pure vitamin C 0.37 55 + 2.0 + 0.6 

Pure vitamin C 0.50 64 + 2.7 + 0.6 

Hull eluate = 0.50* 64 + 2.6 + 0.6 

Pure vitamin C 0.75 90 +4.0 + 0.6 
EXPERIMENT 3 

None Pee CLAW MEN 0.0 0 

Pure vitamin C ......... | 0.12 40 —2.3 +0.4 

Pure vitamin C ........... a | 0.25 60 —1.2 +0.8 

Immature walnut extract = 0.25* 70 + 0.2 +0.7 

Pure vitamin C ............. 0.50 60 +1.9 +1.0 

Immature walnut extract = 0.50* 30 Lf +0.9 

Pure vitamin C .......... 1.00 80 + 3.9 + 0.6 

Immature walnut extract | = 1.00* 50 + 2.0 + 0.6 
EXPERIMENT 4 

ee ee _ 0.0 | 0 

Pure vitamin C ae 0.25 91 —0.5 +0.5 

Pure vitamin C tae 0.50 | 91 + 3.3 +0.5 

Pure vitamin C . 1.00 91 + 4.7 +0.4 

Immature walnut eluate .... = 1.00* | + 4.6 +0.7 


100 | 





| 


* Dose equivalent to this amount based on the 2,6-dichlorophenol value, corrected for 
reductones. 
indophenol-reducing, biologically inactive substances, reported as high as 
50% by other workers, is not indicated by our chemical or biological data. 
The maximum amount of vitamin C is present in the walnut about 24 
months before harvest, and considerable net loss of vitamin C takes place 
during this final ripening period. However, if the mature walnuts are har- 
vested while the hull is green and fairly intact, the waste hull material repre- 
sents one of the 1aost abundant concentrated natural sources of vitamin C, 
as the hulls contain on the average at least 0.5%, wet basis, which is equiva- 
lent to 4% vitamin C, dry basis. 
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Summary 


The vitamin C content of four commercial varieties of Persian (English) 
walnuts was measured during the growing season of two consecutive years. 
On a moisture-free basis, the vitamin C in the growing walnut increased to 
a maximum of about 15%, 40 days after blossoming, then decreased to 1 to 
2% at maturity. The hulls contained 6 to 8% vitamin C, on a dry weight 
basis, at maturity of the walnut. On a per-walnut basis, the vitamin C 
increased with growth to a maximum of 0.6 to 0.8 g. at. 80 days after blos- 
soming and then dropped to 0.2 g. at maturity. No significant varietal 
differences were observed. 

Distribution of vitamin C in the differentiated parts of the immature 
walnut 131 days after blooming was measured. The hull contained 52%, 
the tissue underlying the shell 32%, the shell 15%, and kernel 1% of the 
total vitamin C. 

Chemical estimations of reductones or ‘‘false’’ vitamin C indicated that 
less than 10% of the apparent vitamin C (indophenol test) in immature 
walnuts or mature hulls was spurious in nature. Vitamin C bioassays with 
guinea pigs demonstrated the reliability of the chemical determinations 
within the limits of error of the animal test; i.e., + 25%. 

WESTERN REGIONAL RESEARCH LABORATORY 

ALBANY, CALIFORNIA 


LITERATURE CITED 


1. GHERGHELEZHIU, A. K. The green walnut as a rich source of vitamin C 
and the effect of processing on its preservation. Bull. App. Bot., 
Genetics, Plant Breeding. U.S.R.R. Supp. 84: 206-224. 1937. 
Hennia, K., and OuskeE, P. The vitamin C content of the fruit and 
leaves of Juglans regia and Juglans nigra. Biochem. Zeit. 306: 
16-23. 1940. 
3. PyYKE, M., MELVILLE, R., and Sarson, H. Vitamin C in walnuts. Nature 
150 : 267-268. 1942. 

4. MELVILLE, R., Woxkes, F., and Organ, J.G. Apparent vitamin C in wal- 
nuts. Nature 152: 447-448. 1943. 

5. Luee, J. W. H., and Weiter, R. A. Vitamin C in walnuts. Nature 
152: 448. 1943. 

6. Tusa, J., HUNTER, G., and OsBorNzE, J. A. The assay of new rich natural 
sources of ascorbic acid. Science 105: 70. 1947. 

7. Levy, L.F. The determination of ascorbic acid in the presence of inter- 
fering substances, notably reductones. Biochem. Jour. 37: 714— 


716. 1943. 


bo 


8. LOEFFLER, H. J., and Pontine, J. D. Ascorbic acid. Rapid determina- 
tion in fresh, frozen, or dehydrated fruits and vegetables. Ind. & 
Eng. Chem., Anal. Ed. 14: 846-850. 1942. 

9. WokEs, F., Organ, J. G., DuNcAN, J., and Jacopy, F.C. Apparent vita- 
min C in foods. Biochem. Jour. 37: 695-702. 1943. 











PECTIC CONTENT OF APPLES IN RELATION TO 
THIOCYANATE SPRAYS' 
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An earlier report (5) has described the effect of thiocyanate sprays on 
sugars and certain other constituents in apples. The present paper is a 
continuation of the general problem with attention directed to the pectic 
constituents. In previous work it was noted occasionally that apples 
sprayed with thiocyanates were found to keep better in cold storage at 3° to 
5° C. than control samples not sprayed with thiocyanates. Since changes in 
pectic substances are known to occur in connection with the ripening and 
softening of fruit, it was considered worth while to examine suitable samples 
of sprayed and unsprayed material to find out if the improved keeping 
quality might be related to differences in pectic composition. Titratable 
acidity was determined on most of the samples. Several investigators (1, 
2, 3, 4) have made a study of the pectic changes occurring in apples during 
ripening. In general, the results show a gradual change from insoluble 
protopectin to soluble pectin accompanied by a decrease in the thickness of 
the cell wall. : 

Materials and methods 


The apples used for this investigation were of similar origin to those 
used for the earlier work with sugars (5). They were grown, sprayed, har- 
vested in season and stored at 3° C. in the summer and fall of the years 
1942, 1943, and 1944. Fruit grown in 1942 and 1944 was held in storage for 
a period of five to eight months before analyses were made. In 1943 analyses 
were started before the thiocyanate sprays were applied and continued until 
after the apples were harvested and stored. A total of fifteen varieties was 
used in the study and included both early and late maturing varieties as 
follows : Duchess, Red Duchess, Maiden Blush, Melba, Gravenstein, Wealthy, 
McIntosh, Golden Delicious, Grimes Golden, Jonathan, Delicious, Stayman 
Winesap, Rome Beauty, Wagener, and York Imperial. 

Each sample was prepared from ten to twenty individual apples depend- 
ing upon the number available. They were cored with a cork borer and suit- 
able slices were frozen immediately for comminution in the Waring Blendor. 
All samples of sprayed and unsprayed fruit were paired to the extent that 
for any given variety they were taken on the same day from nearby limbs of 
the same tree, stored for the same period under the same conditions, sampled 
in similar number, and analyzed at the same time. Analyses were made by 
the methods reported previously (7). All pectic determinations were made 
by the carbon dioxide method and calculated to pectie acid (milligrams of 
CO, x 5.67). Titratable acidity was calculated as percentage of malic acid. 


1 Published with the approval of the Director of the West Virginia Agricultural 
Experiment Station as Scientific Paper no. 378. 


142 







































































or L1¢°0 383°0 LEz'0 £93°0 €99°0 869°0 #88°0 198°0 GZ ‘AON 8g “ydeg 
“ ear'0 90F'0 063'0 £83°0 £98°0 T¢8"0 0so'l 666°0 83 “ydeag 3 “ydag 
990 LEP'O $62'0 382'0 S160 826'0 901 910°! ¢ ‘ydag 3 “ydeg 
tity 182°0 cco't PFO! g ‘“sny p ‘Sny snoral[aq WP[OH 
LOO 0ZF'0 663'0 393'0 39S"0 629°0 898°0 ZF6'0 L ‘AON 02 “ydeg 
88F'0 OFF'O cee'0 9c¢"0 £98°0 c98"0 966'0 366°0 ¢ “po 03 “3dag 
c9r'0 6EF'0 0S3°0 90F'0 682°0 CZ8"0 OLO'T 6S0'T Ig “ydag 02 “3deg 
969°0 6FS"0 ssz'0 0 | =Ss(O82"'0 86°0 €10'1 900'I Ogrt | og Bny 63 “Sny | 
fa 6FL'0 9seo | | 198°l bSE'1 | If ‘ny y ‘Sny | 1OUITE M 
a [8g"0 Lg¢"0 [3e°0 982°0 LLL‘0 €36°0 000°T 6L0'l 8[ “AON st “ydeg 
a 999°0 9FS°0 i6¢0 | g0Oro | 0880 Te6°0 c90'T 090'1 L ‘PO aL “ydag 
, 1920 169°0 920 | g$23'0 020'T 0¢0'T LIV 880"! 3 “ydag 63 ‘Suny 
3S ¢88'0 sie" gE0'r L801 g ‘“Sny p ‘“sny weyzeuo ¢° 
LT¥'0 r8E°0 SSs'0 9FS'0 6L9°0 069°0 196°0 L£S6°0 y ‘AON 3 “ydog 
A 626°0 103°0 £980 620'T 61 ‘Sny 8I ‘sny 
B se0'! I8l'0 SLo'l gor! og Aine 33 Aine ysouuyoW 
rs 9180 882°0 8h3'0 863'0 L96°0 IcS0'l 92L0°T CL0'I og “sny 63 ‘Sny 
= [Ts"0 313°0 631'T coll 8L “sny 8[ ‘sny 
3) $93" O8T'O 0L0°1 OFT'T be Aine 6r Aine ysnig woprey 
5 Te0'T 920'T 813°0 Loe’ L18°0 006°0 3160 c06°0 ¢ ‘sSny g ‘“sny , 
= 6811 : LTO B00'T P30'L $e Aine 6r Aine AYPBO M 
*: CIOL £62°0 602°0 Ost'o 092°0 OFL°0 966°0 [60 Is Aine 6r Aine 
e 096°L 333'0 3e6"0 LZ0°T €r Aiur 6 Ane Bq PW 
< 063°T i) ae $820 | +220 6S6°0 LOL 0Ol'T PSII 6t Aine 6t Aine 
i 086'T G83'0 196°0 9FT'T or Aine 6 Ajnue ssoyon(, poy, 
osL'T 629° 008°0 cce'0 [Sol 810°L 8081 3e0'L eo Aine 6r Aine 
z 008°L 61F'0 000°T b00'T er Aine 6 Aine ssoyon( 
2 % % % % % % % % 
DQ 
BR on” adiAVadg a" daqaAvudg ear aaa vudg — aqaAVadgs 
daZA'TVNV daiLsaAuvu 
q aI0vV OllIvxo WaLVM sc Sacithe pati ALGIUV A 
—s NI @1A0 1IOSN]T NI @IANIOSNI eee —- are 
SHONVLSAAS OLLOA | 











€P6L NI DASSIL WiddV HSAAd NI ALIGIOV GNV SNOILLOVUd OLLOAd 


I WIV 









PLANT PHYSIOLOGY 


144 


| 026°0 C160 9171 | Té6s'T | 6I 











€1 ‘ydeg 
EL “ydeg 
3 ‘Suny 
> “PO 
P ‘pO 
0g “ydeg 
LI ‘any 
’ ‘PO 
- ‘?O 
LT “3deg 
LI ‘sny 
82 “ydag 
gz “ydag 
LI ‘any 


weploy sowtIy 


jersodmy y10X 


Aynevog our0y 


desouty ueuteyg 














8LL°0 L19°0 £92°0 £636°0 "AON 
208°0 LeLo 61E°0 68E'°0 026°0 rF6'0 bra T 66e [ | GC °0 
EL3°T 6260 | sos’ 062'0 OST'T [ett let | weet | gg ‘Sny 
LS¥'0 €LP'0 8T¢e°0 616°0 | 866°0 c60°T 860°T | 93 “AON 
9FS°0 orgs"0 962'0 4860 | 9380°T cSl'T crt et *?O 
3290 9*9°0 386°0 SLOT | €€2°l CSa'T $3 “ydag 
9€8°0 6120 POT T 9FS'T LI ‘any 
£6¢°0 IL¢°0 608°0 ste" €1L°0 8F8'0 8L6°0 000°T $Z “AON 
ecr'0 SEr'o LLE’0 90F'0 066°0 €86°0 680'T 6ITT It ‘0 
98F0 =| = «THO 3820 LIz°0 SZOT | 860 Sell 9IT'T 81 “ydeg 
e120 | 610 BE0'T POT'T | Tt ‘sny 
F0L°0 9¢9°0 £0¢°0 €83'0 c0s"0 9280 | Ssgo't LEO'T 9[ “AON 
colo. =| Ss BL 6EF'0 96F'0 L¥6°0 PPOT | 8ar't SITT | 63 deg 
118°0 | 33s'0 stot | | SLUT LI ‘Suny 
ek ie Se A A 
aqaAvads a aqaAvuds . aaa vuds 2 . aqgAvuds . . | 

LON aga Vudg LON aqaaAvadgs LON aqgqaAvuds LON | aqaAVuds 

a1ov Or'Ivxo qaLvVM daZA'IVNV 

ALIGIOV IvVLOL aALVd 


| NI GTN TIOSNT NI TAN TOSNT 





SAONVLISEHOS OLLI dg 








(panuwyuog)—l ATAVL 


daLSaAuvH 
aLVd 





ALGIUVA 





DUSTMAN ET AL.: PECTIC CONTENT OF APPLES 145 


Results 


The experimental data for the year 1943 are given first and shown in 
table I. The analyses were begun in mid-summer, while the apples were 
still immature and before the thiocyanate sprays were applied, and were 
continued at suitable intervals thereafter. Duchess, Red Duchess, Melba, 
Wealthy and Wagener received one thiocyanate spray ; Maiden Blush, Me- 
Intosh, Golden Delicious, Jonathan, Rome Beauty and York Imperial re- 
ceived two sprays; Grimes Golden and Stayman Winesap received three 
sprays. 

The analytical data for the apples grown in 1942 and 1944 are shown in 
table II. In both years the analyses were made on fruit that had been in 
storage for several months. 


TABLE II 


PECTIC FRACTIONS IN FRESH APPLE TISSUE AFTER STORAGE 



































INSOLUBLE IN | INSOLUBLE IN 
™ Toran WATER | OXALIC ACID 

EEKS - — — — 
VARIETY IN No. ~ = 8 = e| 68 a 
SPRAYS ’ 5 is ia ; & 
STORAGE - m - oe B 
2 |Se| 2 |s52| 2 | Se 
o |4a] @ Za | @ | 25 
% | % lo | % | % % 

1942 | 
Gravenstein 2.0... 28 2 0.839 | 0.846 | 0.679 | 0.574 | 0.414 | 0.351 
MeIntosh ... 28 2 1.108 | 1.065 | 0.723 0.618 | 0.405 | 0.340 
Grimes Golden ..... 25 2 0.942 | 0.936 | 0.715 | 0.674 | 0.306 | 0.336 
Delicious AES 19 3 0.940 | 0.955 | 0.892 | 0.775 | 0.458 | 0.401 
Golden Delicious ..... 23 2 0.816 | 0.874 | 0.584 | 0.592 | 0.364 | 0.420 
Stayman Winesap ... 22 3 0.962 | 0.972 | 0.756 | 0.653 | 0.366 | 0.391 
Rome Beauty .............. 22 2 0.832 | 0.818 | 0.704 | 0.673 | 0.343 | 0.348 
Average...) 24 0.920 | 0.922 | 0.722 | 0.651 | 0.379 | 0.370 

1944 | 
Grimes Golden 32 2 | 1.115 | 1.118 | 0.755 | 0.791 | 0.156 | 0.215 
Delicious ‘ 30 3 0.889 | 0.860 | 0.708 0.623 | 0.173 | 0.170 
Golden Delicious ... 31 3 | 0.892 | 0.916 | 0.705 | 0.613 | 0.201 | 0.224 
Jonathan I OF 33 2 | 0.886 | 0.862 | 0.691 | 0.622 | 0.214 | 0.186 
Stayman Winesap .. 29 3 | 0.824 | 0.835 | 0.696 0.650 | 0.258 | 0.239 
Rome Beauty 3 36 3 0.720 | 0.735 | 0.584 | 0.579 | 0.213 0.178 
Average .. 32 | 0.888 | 0.888 | 0.690 0.646 | 0.202 | 0.202 

Discussion 


The data in table I show seasonal changes in pectic substances such as 
might be expected. In general there is a gradual decline in total pectic 
substance from the mature-for-harvest stage onward. More pronounced is 
the steady decline in the fraction insoluble in water. This is true for all 
varieties from the first sampling to the last. On the other hand, pectie sub- 
stances insoluble in oxalic acid increased in many varieties or first increased 
and then decreased. These generalized statements apply alike to both thio- 
cyanate sprayed and unsprayed fruit. Carre (1) has noted an increase in 
protopectin (pectose) in stored apples but at a later period; viz., during 
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TABLE III 


PECTIC FRACTIONS IN FRESH APPLE TISSUE OF FOUR VARIETIES AFTER 
VARYING PERIODS IN STORAGE 
































INSOLUBLE IN INSOLUBLE IN 
WEEKS Toran WATER OXALIC ACID 
VARIETY IN ) — —— XN 
STORAGE | Nor ' a) | 2 Nor 
aint as SPRAYED | SPRAY " SPRAYED | SPRAYED acinawen 
%o % % | % | % %o 
Grimes Golden 9 1.291 1.276 0.915 0.920 0.293 0.263 
Golden Delicious 8 | 0.867 | 0.884 0.698 | 0.653 0.263 0.237 
Stayman Winesap 9 | 1.047 | 1.055 | 0.826 | 0.805 | 0.283 | 0.303 
Rome Beauty ...... 7 | 1.000 0.978 0.848 0.773 0.312 0.309 
Average . 8 1.051 1.048 | 0.822 0.788 0.288 0.278 
Grimes Golden ... 25 | 0.942 0.936 | 0.715 0.674 0.306 0.336 
Golden Delicious 2 0.816 0.874 0.584 0.592 0.364 0.420 
Stayman Winesap 22 | 0.962 0.972 0.756 0.653 0.366 0.391 
Rome Beauty ......... | 22 | 0.832 0.818 | 0.704 0.673 0.343 0.348 
Average | 23 | 0.888 0.900 | 0.689 0.648 0.345 | 0.374 
Grimes Golden tie Soe pee i 1.118 0.755 0.791 0.156 0.215 
Golden Delicious | 31 | 0.892 0.916 0.705 0.613 0.201 0.224 
Stayman Winesap| 29 | 0.824 | 0.835 | 0.696 | 0.650 | 0.258 | 0.239 
Rome Beauty ........ 36 0.720 0.735 0.584 0.579 0.213 0.178 
Average voi 2 | 0.888 0.901 0.685 | 0.658 | 0.207 0.214 
| ' 











March and April. The data for the 1943 crop do not afford analyses beyond 
the last week of November. However, reference to table II shows a rela- 
tively high average value for the fraction insoluble in oxalic acid after 24 
weeks in storage. Four varieties were common to all three years and the 
samples were taken from the same limbs of the same trees in these years. 
A eomparison is available therefore as to pectic content after an average of 
8, 23, and 32 weeks in storage for the 1945, 1942, and 1944 crops, respec- 
tively. The data for this comparison are brought together in table ITI. 

It may be seen that the four varieties analyzed show higher values for 
pectic materials insoluble in oxalic acid after 23 weeks in storage than after 
8 weeks. After 32 weeks there is a considerable decline for this fraction. 

The effect of the thiocyanate spray on pectic constituents is not pro- 
nounced but by careful comparison is apparent for certain fractions. Table 
IV shows a statistical summary of the data given in table I with mean values 


TABLE IV 


TOTAL, WATER INSOLUBLE AND SOLUBLE PECTIC FRACTIONS, AND ACIDITY IN 


5, Al 


THIOCYANATE SPRAYED AND UNSPRAYED APPLES 


SPRAYED | UNSPRAYED Opps 
| %e % 
Total pectic substance | 1.071 +0.022 1.079 +0.023 | 4: 


Pectic substances insoluble in water 0.918 + 0.023 0.892+0.029 | 390 : 


1 

+ 1 

Pectie substances soluble in water 0.153 + 0.017 0.187+0.017 | 9999:1 
+ 0.059 0.694 +0.063 | 9999:1 


Titratable acidity | 0.635 
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for three pectic fractions and acidity, and standard errors and odds (8) as 
calculated from the paired samples. 

It will be seen that the spray has no effect upon total pectic substance but 
that the insoluble pectic material is significantly higher and the water soluble 
fraction is lower in the sprayed material. This indicates that protopectin is 
converted to soluble pectin less rapidly in the sprayed fruit. Titratable 
acidity likewise is lower in the sprayed apples. This is in accord with previ- 
ous findings (5). Emmerr (4) has suggested that two agents (acid and 
enzymes) may be concerned with the conversion of protopectin to pectin. 
He suggests further that in apples of high and moderate acidity the acid may 
play the chief part whereas in pears and in apples of low acidity the enzyme 
is probably the more important factor in the development of soluble pectin. 
Two lines of evidence tend to minimize the importance of acid in this con- 
nection. Reference to table I will show that in nearly all instances acidity 
is highest in the immature, pre-harvest stage when soluble pectin is lowest; 
also, some varieties of good keeping quality such as Rome Beauty, York Im- 
perial, and Stayman Winesap are not particularly low in acidity and some 
of moderately low acidity are not especially good keepers. Differences be- 
tween water-insoluble pectic fractions of sprayed and unsprayed fruit are 
more readily apparent in table II. In these years also there was no differ- 
ence in total pectic substance but the fraction insoluble in water was con- 
siderably greater for the sprayed apples. Greater differences in water- 
soluble and insoluble fractions are to be expected after several months in 
storage. 

It would seem, therefore, as a result of these trials that spraying apples 
with sodium thiocyanate does not affect the total pectic substance but does 
affect the rate at which protopectin changes to pectin. It aiso affects the 
titratable acidity which is decreased as a result of the spray. Whether the 
decreased acidity is the cause or effect of pectic change, or merely a con- 
comitant, is not clear. It is, however, a characteristic effect of the spray as 
both this and earlier work demonstrates. Having found a difference in rate 
of change of protopectin into pectin the next logical step would seem to be 
an investigation of enzyme activity in the sprayed and unsprayed fruit. 


Summary 


1. A study has been made of the effect of thiocyanate spray upon the 
pectic constituents of fifteen varieties of apples as follows: Duchess, Red 
Duchess, Melba, Gravenstein, Wealthy, Maiden Blush, McIntosh, Jonathan, 
Wagener, Grimes Golden, Delicious, Golden Delicious, Stayman Winesap, 
Rome Beauty and York Imperial. Titratable acidity was also determined 
on most of these varieties. 

2. Thiocyanate sprays were without effect on the total amount of pectic 
substance present. 


3. After some weeks or months in storage the pectic fraction insoluble 
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in water was found to be greater in the sprayed fruit. It appeared that 
protopectin was changed to pectin less rapidly in the sprayed fruit. 


4. Spraying with thiocyanates decreased the titratable acidity. 
5. The pectic fraction insoluble in oxalic acid increased for a period of 


time in storage, or first increased and then decreased. 


WEST VIRGINIA AGRICULTURAL EXPERIMENT STATION 
MORGANTOWN, WEST VIRGINIA 
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CORRECTION OF DATA FOR PROTEIN NITROGEN IN LEAVES 
OF BRYOPHYLLUM CALYCINUM 


GEORGE W. PUCHER, CHARLES S. LEAVENWORTH, WANDA 
D. GINTER, AND HUBERT BRADFORD VICKERY 


Received November 1, 1947 


In the course of a revision of the method used in this laboratory for the 
determination of protein nitrogen in leaf tissue, it was found that a system- 
atic error had been committed in the calculation of the protein nitrogen in 
two recent papers. The data, as given in these papers (3, 4, 5), suggested 
that diurnal variation in the protein content of Bryophyllum calycinum 
leaves takes place. This is not so. The correctly calculated data (tables I 
and II) show that the protein nitrogen in leaves of this species is essentially 
constant over the one- or two-day period that the leaves were studied. The 
data for protein and soluble nitrogen plotted in these two papers, together 
with all statements regarding diurnal variation in protein nitrogen and 
soluble nitrogen are accordingly hereby withdrawn. 

Table I shows the correct data for the paper entitled ‘‘Studies in the 
metabolism of crassulacean plants: The diurnal variation in organic acid 
and starch content of Bryophyllum calycinum’’ (3). These data may be 
plotted by hand in figure 2 of that paper by those to whom the matter is 
of importance. In addition, the last two paragraphs under the heading 
‘* NITROGENOUS COMPONENTS’’ should be deleted together with paragraphs 5 
and 6 under “Discussion” and the fourth paragraph of the “Summary.” 

Table II shows the correct data for the paper entitled ‘‘Studies in the 
metabolism of crassulacean plants: The behavior of excised leaves of Bryo- 
phyllum calycinum during culture in water’’ (4). Under the heading 
‘*CULTURE IN ALTERNATE DARKNESS AND LIGHT,’’ paragraph 4 beginning with 
the second sentence, and paragraphs 5 to 7 inclusive, should be deleted. In 
addition, paragraphs 4, 5, and 6, under the heading ‘‘ CULTURE IN COMPLETE 


TABLE I 


PROTEIN NITROGEN AND SOLUBLE NITROGEN IN LEAVES OF Bryophyllum calycinum 
DURING A 24-HOUR PERIOD 


PROTEIN NITROGEN SOLUBLE NITROGEN 


ELAPSED 
ME 
— LEAFLETS BASAL LEAVES LEAFLETS BASAL LEAVES 
hrs. gm. per kilo gm. per kilo gm, per kilo gm, per kilo 
0 0.91 0.67 0.56 0.55 
6 | 0.90 0.64 0.56 0.52 
10 } 0.96 0.62 0.46 0.46 
24 1.03 0.60 0.53 0.47 
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TABLE II 


PROTEIN NITROGEN AND SOLUBLE NITROGEN IN EXCISED LEAVES OF Bryophyllum calycinum 
DURING CULTURE 

















FIGURE ELAPSED TIME: PROTEIN NITROGEN SOLUBLE NTROGEN 
hrs. gm. per kilo gm. per kilo 
2 0 1.31 0.38 
14 1.38 0.37 
24 1.33 0.49 
7 0 0.97 0.64 
14 1.10 0.70 
24 1.16 0.65 
48 1,17 0.59 
8 0 1.08 0.65 
9 1.14 0.68 
25 1.01 0.65 
49 0.98 0.81 








DARKNESS,”’ the first three sentences under “Discussion,” and the fifth para- 
graph of the “Summary” should be deleted. 

In the last paper in the series entitled ‘‘Studies in the metabolism of 
crassulacean plants: The effect of temperature upon the culture of excised 
leaves of Bryophyllum calycinum’’ (5) the data for protein nitrogen and 
soluble nitrogen were correctly computed. A slightly different technique 
was employed which did not involve the use of the improperly calculated 
factor used in the two papers mentioned above. However, the statements 
regarding protein in the first paragraph should be disregarded. 

The data for protein nitrogen in two earlier papers of this series (1, 2) 
were also correctly calculated. 

The authors are unable to find words to express their regret for the 
commission of this error and for the waste of valuable space in PLANT 
PHYSIOLOGY in discussing a spurious phenomenon. 
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RECOVERY OF TURGOR BY CUT SHOOTS AFTER WILTING 


CO. B. STOCKING 


(WITH ONE FIGURE) 


Received March 22, 1947 


Introduction 


When high tensions are developed in the water columns within the xylem 
of a shoot, the shoot wilts. If such wilting is induced by plugging a stem 
with gelatin immediately upon cutting, very rapid recovery results if the 
plugged portion is cut off under water in such a way as to prevent the 
entrance of air into the stem. Such recovery was observed by Drxon and 
BARLEE (1) as long as no gas entered the stem even if the basal portion was 
in a partial vacuum. Sometimes recovery under these conditions was not 
achieved instantaneously upon cutting the stem under water; but a brief 
release of air into the vacuum chamber in which the plant base was sealed 
caused recovery. Immediate recovery had probably been prevented in these 
eases by the creation of a gas phase causing a discontinuity between the 
water in the xylem elements and the external water. Water continuity was 
again established upon momentarily letting the cut portion come under 
atmospheric pressure. In order to enhance the keeping qualities of cut 
flowers, it is a common practice to pick them during a period in which the 
plant would be expected to have a favorable water balance. Often a sear- 
ing or hot water treatment of the cut ends is employed to prevent plugging 
of the xylem by latex or phloem exudate. Cut shoots when wilted recover 
very slowly, if at all, when placed in water, but if the basal end of such a 
shoot is subjected to a strong hydrostatic pressure, water may be forced into 
the shoot overcoming the resistance in the stem and causing recovery (5). 
A similar experiment described by Prerrer in 1897 is mentioned by Ren- 
NER (4). 

NeEger (3), while experimenting with a vacuum infiltration method of 
determining the degree of stomatal opening, found that wilted plants could 
be revived by placing them under water in a vacuum chamber. He sug- 
gested that perhaps horticulturists could find use for such a method. Re- 
cently HAMNER, CARLSON, and TuKeEy (2) described a similar method of 
treating plant material. The whole plant or plant part was infiltered with 
water by means of the vacuum method. The water saturation thus attained 
improved the keeping qualities of certain succulent plants and cut flowers. 

Failure of moderately wilted shoots to recover immediately when placed 
in water usually is due to the presence of air in the xylem elements which 
restricts the passage of water. Any method which would effectively dispel 
the accumulated gas from the cut elements and reestablish the continuity be- 
tween the external water and that within the conducting system of the 
plant should facilitate the recovery of the wilted shoot when it is placed in 
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water. During an investigation with wilted shoots, the writer (6) found 
that rapid recovery could be induced in the shoots which had been cut and 
left lying on the laboratory table for several hours until they were badly 
wilted. 





‘=z D 
Fig. 1. Recovery of a wilted shoot of Amaranthus when the water in which the lower 


end of the shoot was standing was subjected to sub-atmospheric pressure followed by 
atmospheric pressure. A, 10:40 A.M.; B, 10:42 a.m.; C, 10:45 a.m.; D, 10:47 Am. 
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Fie. 1 (Cont’d). E, 10:55 a.m. 


Experimental results 


Shoots of pigweed, Amaranthus retroflexis L., were cut on the morning 
of a warm sunny day and brought into the laboratory where they were al- 
lowed to wilt. As soon as a plant was wilted, the basal end was placed in 
water in a vacuum flask and the opening sealed with plasticene, figure 1A. 
The pressure in the flask was reduced by attaching the side arm to a suction 
pump. Bubbles of dissolved gas in the water and gas in the stem began to 
form as soon as the pressure was reduced causing a steady stream of bubbles 
to be emitted from the cut end of the shoot. Some of the gas came from the 
intercellular spaces in the cortex and might presumably have been drawn 
through the lenticels above the sealed portion of the stem; but many of the 
bubbles came from the xylem region and were formed by expansion of the 
accumulated gas in the conducting elements. After an initial period of 
5 to 10 minutes of low pressure, the suction pump was turned off and air 
allowed to enter the flask. Immediately the wilted plant began to become 
erect and soon was fully turgid, as shown in figures 1B—D and 1E. This 
series of figures are photographs taken at intervals of 2 to 8 minutes, and 
each exposure was of 15 seconds duration. The rapidity of recovery is indi- 
cated by a blurring of the shoot tips during this 15-second period and by 
complete recovery being attained within 15 minutes in this test. Similar 
results were obtained with wilted sunflower, walnut, zinnia, castor bean, 
mustard, beet, and grape. 
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It was suggested (6) that the application of such a method might be 
useful to producers of cut flowers where considerable loss may be incurred 
during shipping; and that a treatment to insure complete saturation might 
reduce losses due to wilting of tender cuttings. Such a lengthening of the 
keeping time of cut flowers and succulents has been observed by HAMNER 
et al. (2). They also observed the loss of some fragrance and a water-soak- 
ing of treated flowers when they submerged the whole shoot prior to infiltra- 
tion. These effects are not observed when the method described above is 
used. 

This type of experiment also provides a graphic classroom demonstration 
of the importance of water continuity to the plant and can be used to empha- 
size the fact that physiological experiments such as those in which cut shoots 
are used to measure the rates of transpiration are open to serious criticism. 
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DIURNAL FLUCTUATIONS OF GROWTH IN LENGTH 
OF TOMATO STEM 


CHARLES CC. WILSON 


Received July 14, 1947 


Herbaceous plants are generally considered to exhibit a daily periodicity 
of growth, attaining a maximum at night and a minimum during the day. 
The growth rate is assumed to parallel the degree of hydration of the tissues 
which in turn is conditioned by the diurnal periodicity of the atmospheric 
factors affecting loss of water from the plant. It is further assumed that 
loss of hydration of the tissues of the stem together with the tensions which 
develop in the vessels of the stem from the pull of the transpiration stream 
may cause a shrinkage in the length of the stem. MacDovuaat (3) reported 
hourly changes in the growth in length of the stems of Helianthus which 
were associated with diametral changes of the stems but the writer is 
unaware of any published study in which the vertical movements of the 
entire stem were determined concurrently with and dissociated from stem 
tip growth. 

Tomato plants were grown in a loamy soil which was contained in 10-inch 
pots. The soil in the pots was watered every morning and was of sufficient 
volume to remain moist until the following morning. Two auxometers were 
attached to each of six plants, when the plants were approximately six weeks 
old. One of the auxometers was attached to the growing tip; the other was 
attached to the stem at the first node below the growing tip. Since elonga- 
tion usually occurs above the first node, the auxometer attached to the grow- 
ing tip should measure elongation as well as diurnal fluctuations in stem 
length, the second auxometer would measure fluctuations in stem length 
only. A measure of actual stem tip elongation was obtained by subtracting 
stem fluctuations from total growth measurements. Data obtained on thirty 
days of the fluctuations in growth of six plants are summarized in table I. 
These data indicate a marked shrinkage in length of the stem below the first 
node during the day and an equal elongation during the night. The growth 
of the stem above the first node was at approximately the same rate during 
both day and night, although on many sunny days there was a higher rate 
of growth during the day than at night. The highest hourly rate of growth 
was usually attained between 10 a.m. and 2 P.M. 

Many workers have reported that the moisture content of the plant, on 
clear warm days, is at a minimum during the afternoon. This reduced 
moisture content is thought to lead to diminution or even cessation of growth. 
However, ANDERSON and Kerr (1) reported that the growth rate of devel- 
oping cotton bolls was fairly uniform during both day and night. They 
considered (2) that the high imbibitional forces of the developing bolls 
enabled them to retain an adequate supply of moisture at the expense of 
more mature cells in other parts of the plant. 
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TABLE I 


DIURNAL FLUCTUATIONS IN GROWTH OF STEM OF TOMATO IN 0.001 CM. 








STEM BELOW APPARENT 

TIME STEM TIP FIRST NODE TOTAL 

8 A.M. 25 — 25 0 

10 A.M. 87 -51 | 36 
12 mM. 102 -—27 75 

2 P.M. 91 -—12 79 

4 P.M. 69 - 9 60 

6 P.M, 60 42 102 

8 P.M, 39 2 41 

10 P.M. 50 48 $8 

6 P.M—6 AM. 416 82 498 
6 A.M.-6 P.M. 434 - 82 352 








It seems probable that the continuous diurnal growth of the stem tip 
of tomato is associated with a high degree of hydration, although it is not 
known whether imbibitional, osmotic, or metabolic forces are involved. This 
hydration is probably maintained by one or more of the forces mentioned 
at the expense of more mature tissues. 
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THE ACTION OF TRI-IODOBENZOIC ACID ON GROWTH 
KENNETH V. THIMANN AND WALTER D. BONNER, JR. 
Received December 17, 1947 


In a paper devoted largely to flowering, GaLston (1) has shown that 
triiodobenzoiec acid (abbreviated to TIBA hereafter) acts to oppose the eur- 
vature produced by indole-acetic acid in the standard Avena test. The pur- 
pose of this note is to point out that under other conditions TIBA acts very 
markedly to promote, and not oppose, the effects of auxin. 


The curvature of slit pea internodes 


This test was first described by Went (4) and was carried out and 
measured as described by THIMANN and ScHNerpER (3). In concentrations 
of 25-100 mg./liter, TIBA causes a slight inward curvature, but if the slit 
sections are first washed for 2 hours in water, this curvature disappears 
(table I). Mixtures of TIBA and auxin produce much greater curvature 
than the auxin alone. Concentrations of TIBA as low as 0.2 mg. /liter have 
a large effect. Typical results are given in table I. The same result was 
obtained when 2,4-D was used as the auxin. This enhancement effect differs 
from the ‘‘pretreatment’’ effect described by Went (6) in two respects: 


TABLE I 
‘*PEA-TEST’’ CURVATURES. THE AUXIN WAS INDOLE-ACETIC ACID 1 MG. PER LITER 


. CURVATURE DUE TO 
CONCENTRATION et 
or TIBA 


mg./liter 


H,O | TIBA ALONE | AUXIN ALONE BorH 





125 -126 | ni +104 +351 
0.2 — 126 — 153 + 104 +319 
: | 
| IBA appep | TIBA appEp 
oo AFTER 2 HRS. | AFTER 4 HRS. 
— IN WATER IN WATER 
50 -173 — 33 —178 -175 
5 -173 — 48 148 —-171 


(a) the concentrations can be far lower than those of cyclohexane-acetie and 
phenyl-butyrie acids which Went found effective; and (b) pre-soaking for 
4 hours in TIBA followed by 20 hours in auxin alone does not give appreci- 
ably increased curvature. Since the enhancing effect on low auxin concen- 
trations is considerable, it is suggested that the curvature given by TIBA 
alone on freshly cut internodes is due to its effect on the residual auxin in 
the stem. 


Straight growth of Avena coleoptiles 


This test was carried out essentially as described by ScHNEIDER (2) 
with the modification that the 3-mm. sections were supported so that they 
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protruded above the surface of the solution. TIBA at 10* M (50 mg./liter) 
and above was very strongly inhibitory, whether alone or in presence of 
indole-acetic acid. TIBA 10° M had no effect on growth by itself, but in 
presence of indole-acetic acid (1 mg./liter) it increased the growth 26% and 
29%, respectively, (in two experiments) over that due to the auxin alone. 
The mol-ratio TIBA/IA here was 0.17:1. Figure 1 shows the growth of the 
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TIME IN HOURS 
Fic. 1. Time course of growth of 3-mm. Avena coleoptile sections (from plants 
72 hours old) in suerose alone (S), sucrose plus indole-acetic acid (IA), and sucrose plus 
indole-acetic acid plus TIBA (IA +TIBA). Concentrations in mg. per liter. Dark room, 


25° C. 


sections in several concentrations of TIBA with and without auxin. Aceel- 
eration is shown at mol-ratios of 0.12 and 1.05. 


Standard Avena test 


This test was carried out in the usual way (WENT and THrmann (5)). 
The data given by GALsToNn show, with a mol-ratio TIBA/IA of 1, no effect ; 
and with a mol-ratio of 5, only inhibition. Closer examination of com- 
binations with the lower mol-ratio values showed, however, that there is a 
region in which increased curvature results. The effect varies somewhat 


from test to test. In one case the curvature was raised from 5.6° with in- 
dole-acetic acid alone to 12.8° in presence of 0.08 mg./liter TIBA. The 
mean values are less striking and are given in table II in which the control 
curvatures are brought to 100% to permit the averaging of four experi- 
ments. They show a definite increase at around a mol-ratio of 1:1. At 





—E 





2 








160 PLANT PHYSIOLOGY 


mol-ratios higher than 10 the curvature is decreased below that of controls 
as shown by Gaston. In no case did TIBA give any curvature alone. 


Conclusions 


The primary effect in all these experiments is that TIBA enables a small 
amount of auxin to bring about a disproportionate amount of growth. TIBA 
is, of course, by no means the only substance which may promote or inhibit 
the same reaction according to its concentration. Probably the simplest 
explanation in this case is based on competition. If auxin brings about its 
growth-promoting action by combining with a special substrate, then tri- 


TABLE II 


AVENA CURVATURES. INDOLE-ACETIC ACID CONCENTRATION (EXCEPT WHERE MARKED* ) 
0.02 MG. PER LITER OF AGAR; AVERAGE CONTROL CURVATURE 5.5° = 100% 














TIBA concn. ana CURVATURE AS % 

0 0 100 
0.01 0.175 121 
0.02 0.35 170 
0.04 0.70 148 
0.08 1.4 184 
0.10 1.75 115 
0.20 3.5 118 
0.50 | 8.75 118 

* 14 70 
1.5 26 49 

? 42 39 


' 


* Indole-acetic acid 0.15 mg. per liter; average control curvature 29.6°. 


iodobenzoic acid is to be considered as sufficiently alike in structure to indole- 
acetic acid to be able to combine with the same substrate. This combination 
does not bring about growth, but (if the concentration of TIBA is not too 
high) it still leaves open a small number of spaces or active groups on the 
substrate with which auxin can combine. Alternatively, of course, several 
different substrates may be involved, of which only one causes growth. The 
result in either case is that the auxin causes growth with the expenditure of 
a smaller number of auxin molecules than are normally required. Higher 
TIBA concentrations, however, take up all the spaces or active groups, so 
that auxin is excluded and growth is inhibited. 


The authors’ thanks are due to Dr. Satty M. Ketty for carrying out 
several additional experiments. 
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CHLOROSIS AND NODULATION OF COWPEAS AS AFFECTED 
BY TRIAL SULPHUR APPLICATIONS TO CALCAREOUS 
SOIL IN THE GREENHOUSE’ 


8S. 8S. IvVanorr 
Received September 11, 1947 


The highly caleareous soils along the Nueces River in south Texas are 
unfavorable for raising cowpeas and certain other legumes. These soils 
produce spinach of high quality during the fall and winter, but cowpeas 
as a cover crop in the summer grow poorly, chiefly because of lime-induced, 
non-infectious chlorosis. The nitrogen content of these soils is sufficient 
for most crops. Preliminary studies were started in the greenhouse in the 
winter of 1940 and continued through 1945 with the aim of finding out if a 
single application of substantial amounts of sulphur to the soil would not 
have a lasting corrective effect on chlorosis. It was thought that the sul- 
phur, after oxidation, might change the pH of the soil, make available to 
the plants some of the minor elements, including iron, and thus correct the 
chlorotic condition. From the beginning of the trials it was noted that 
more and larger nodules were produced on the plants grown on the soil 
treated with sulphur, and for this reason records on nodulation were taken 
on all subsequent croppings. 

This note summarizes the results of these trials on chlorosis and nodule 
formation of Brabham cowpea plants grown on soil with and without sul- 
phur amendments. 


Methods 


Soil of the Frio series was used in three greenhouse benches, each with 
about 10 sq. ft. surface area, and 12 in. deep. The acid-neutralizing capacity 
of this soil was equivalent to 41.66% calcium carbonate. Its initial pH was 
8.0. To one bench 2 lbs. of soil sulphur was added and mixed thoroughly 
with the soil; to another 6 pounds; and to a third bench, used as a check, no 
sulphur was added. The excessive application of sulphur was made on ac- 
count of the great amounts of bases in the soil. It was realized that high 
applications of sulphur would be economically impractical in most instances. 
The first crop of cowpeas was planted in February, 1940, a few days after 
applying the sulphur. The plants came up and grew but suffered some sul- 
phur injury near the soil line. As a consequence, the results of this trial 
are not included in this summary. The addition of the same amounts of 
sulphur to Webb sandy loam soil (noncaleareous) inhibited germination of 
the cowpeas completely. Seven crops of cowpeas were grown in the ecal- 
careous soils at various intervals during all seasons as follows: June, 1940; 
August, 1940; October, 1940; December, 1941; March, 1942; October, 1943; 
and September, 1945. In the meantime, the soil was uncropped or planted 


1 Published as Technical Paper no. 1040, with the approval of the Director of the 
Texas Agricultural Experiment Station. 
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with spinach to find out if the amounts of sulphur added had any injurious 
effect on this crop. One trial with cowpeas was performed in Webb sandy 
soil to which no sulphur was added as an additional check where the plants 
grew very dark green although smaller than in the sulphur-treated calcare- 
ous soils. Nodulation was produced by the natural presence of rhizobia in 
the soil. All plants were watered regularly and abundantly. The pH of 
the soil was measured electrometrically at various intervals, using 2 mass 
samples from each soil lot. Records were taken about 7 to 9 weeks after 
planting (table I). 


TABLE I 


INFLUENCE OF SULPHUR AMENDMENTS TO CALCAREOUS SOILS IN THE GREENHOUSE ON 
CHLOROSIS AND ROOT NODULE FORMATION IN SIX SUCCESSIVE 
CROPs OF BRABHAM COWPFAS 

















SULPHUR 
’. GREEN | AV. WT. P 
ADDED TO TOTAL | av. nr. or | AV: GREEN | AV. wT. OF DEGREE OF 
BENCH 10 | PLANTS ALL | i anrg | WT OF | NODULES PER CHLOnOsta 
SQ. FT. AREA TRIALS ms | PLANTS | PLANT sg 
12 IN. DEEP 
lb. em. gm. mg. 
0 270 44 17 14.6 Severe 
2 261 49 19 20.2 Slight on 
few plants 
6 


274 52 21 | 30.6 None 


Results and summary 


The least chlorosis showed on plants that grew on the soil with 6 pounds 
of sulphur. These plants were relatively tall, stout, and thrifty. On the 
soil with 2 pounds of sulphur most of the plants showed no chlorosis, a few 
showed slight chlorosis. The plants that grew on soil without sulphur were 
extremely chlorotic, some showing no green pigment at all. All of these dif- 
ferences in the three lots were emphasized as the plants grew older. The 
pH of all soil lots underwent a gradual decrease. Contrary to expectations 
the differences between the treated and non-treated soils remained insig- 
nificant. Significant changes in the pH might have occurred, however, in 
localized areas along the root channels. 

Although nodulation varied from crop to crop, the average total weight 
of nodules per plant was correlated with the intensity of the green color of 
the leaves, the greenest plants showing more and larger nodules, some in 
agglomerations situated on the upper portion of the root system. Without 
further trials it would be difficult to state whether the greater amount of 
nodulation was caused by the direct effect of the sulphur on the rhizobia 
and their environment or by the more abundant and thrifty growth of the 
plants induced by some minor elements through the action of sulphur.” 

The beneficial effect of sulphur lasted for five years, when the trials were 
discontinued, without indication of diminution. Spinach grew well on the 


2 Further studies on this problem were prevented by the writer’s call to another post. 
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sulphur-treated soils and showed no injury. Because of the relatively small 
amount of sulphur oxidized in 5 years (small sulphur particles were still 
visible at the end of this period) it is probable that the effect of the sulphur 
may continue for many years. It is possible that lighter applications might 
also produce similar effects for a long time. 


TeExAs AGRICULTURAL EXPERIMENT STATION 
SUBSTATION 19 
WINTER HAVEN, TEXAS 





NOTES 


Chicago Meeting.—This meeting, highly successful as to program and 
arrangements, was perhaps the largest in the history of the Society. With 
an attendance of 160 at the Plant Physiologists’ Dinner a fine spirit pre- 
vailed on this first day of the meetings. The usual program was followed 
with Dr. F. W. WENT presiding. Dr. B. M. Duaaar gave the retiring presi- 
dent’s address on ‘‘Physiology and Prevailing Influences’’; a timely dis- 
cussion rich in sound values. The names of Henry ArpeLL ALLARD and 
WIGHTMAN WELLs GARNER were announced as the duplicate recipients of 
the Charles Reid Barnes Life Membership Award. Dr. F. C. StTewarp 
announced the following Corresponding Membership Awards to bring the 
total number in this category to the percentage limits of the membership: 
Proressor Hans Burstrom of Sweden, Proressor RuNaR COLLANDER of 
Finland, Proressor F. G. Grecory of England, and Proressor ALBERT 
Frey-Wyssiine of Switzerland. A gift for an additional Stephen Hales 
Award came too late for Committee agreement and the recipient will be 
announced at the September meeting. Dr. Burton E. Livingston, re- 
eipient of this Award in 1946, was unable to deliver the usual address since 
he is seriously ill at his home. 

At the business,meeting of the Society a financial report indicated the 
need for caution in future expenditures and the question of increases in 
dues and subscriptions was raised. With an attendance of 80 it was voted 
to affiliate as a charter member with the American Institute of Biological 
Sciences on an experimental basis. 

Since the A.A.A.S. will not sponsor any meetings of affiliated societies 
this year the question of a fall meeting was discussed. Decision was left to 
the Secretaries of the Society who have since decided to meet in Cincinnati 
on September 8, 9, 10 with the American Society for Horticultural Science. 
It is hoped that other botanical groups will join in this meeting since there 
are facilities in this city for a much larger meeting. Further details will 
follow from the office of the Secretary. 


Bees 

Necrology.—Death has recently removed from among us four members 
of the American Society of Plant Physiologists. Further details will follow 
in later issues. 

Dr. Earu S. Jonunston, Chief of Division of Radiation and Organisms, 
Smithsonian Institution, Washington, D. C., died December 17, 1947. 

Dr. Paut T. Macy, Chemist, Research Laboratory, Picatinny Arsenal, 
Dover, New Jersey, died October 2, 1947. 

Dr. GEorGE W. Pucuer, Biochemist, The Connecticut Agricultural Ex- 
periment Station, New Haven, Connecticut, died November 20, 1947. 

Dr. Davin L. Taytor, Assistant Professor of Botany, University of 
Illinois, Urbana, Illinois, died December 6, 1947. 
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Purdue Section.—A dinner was sponsored jointly by this Section and 
certain other scientific organizations on the campus on October 20, 1947. 
The occasion was in honor of Dr. Hermann J. Muutuer of Indiana Uni- 
versity who gave a lecture on the subject ‘‘The Production and Avoidance 
of Mutations.’’ <A highly successful meeting is reported and this Section 
is to be congratulated for their interest in such cooperative activities. 


Patronship.—The Executive Secretary-Treasurer announces the pur- 
chase of a Patronship by Marauerite A. Livineston of Riderwood, Mary- 
land. Such an expession of lasting interest in the Society is always 
welcomed by those responsible for its welfare. 


The Response of Crops and Soils to Fertilizers and Manures. W. B. 
Andrews. Published by W. B. Andrews, State College, Mississippi. 1947. 
459 pp. $4.50. 

The author has drawn on many years of experience in teaching and 
research to present a comprehensive text on fertilizers and manures. lie 
attempts to summarize and digest the results from various field experiments 
in an effort to understand the underlying factors that effect the response of 
crops to these two factors. One chapter of special interest is on the use of 
anhydrous ammonia. The book should be of value to both student and 
research worker. 


PREPARATION OF MANUSCRIPTS FOR PUBLICATION IN 
PLANT PHYSIOLOGY 


The following suggestions are made to authors writing papers for this 
journal in order to minimize revisions and editorial corrections. Though 
many points may appear arbitrary or trivial, attention to details by authors 
is necessary to secure uniformity of format and style. The membership dues 
and subscription fees go almost entirely to publication costs, as all of our 
editors give their service without financial recompense. Hence the coopera- 
tion of authors in preparation of manuscripts conserves our funds and per- 
mits greater liberality as to length and number of papers published. 

1. In the preparation of typescripts, authors are requested to examine 
a printed copy of the journal of PLant Puysto.oey to note the position of 
headings, general organization, and the methods of citing literature particu- 
larly, in order to bring the script into conformity with the general archi- 
tecture of published papers. 

2. Leave a 3-inch margin at the top of the first page, liberal side margins 
for editorial marks, and double spacing of lines so that there is space for any 
required editorial changes. 

3. Avoid footnotes as far as possible. They are expensive. If you do 
use them, number them with Arabic numerals. 

4. Place your name and figure number on the back of each figure. Do 
not put legends into or on the figure, either front or back. Type all legends, 
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properly numbered to correspond to the figures, on a separate sheet of your 
manuscript. Graphs and drawings should be inked with fairly heavy lines 
to insure clarity of text figures after reduction. 

5. Leave headings unscored, scientific names without underlining, ete. 
The editors will take care of all of these matters in accordance with the 
practice of the journal. Generic names used alone are not italicized. In 
general, do not underscore any lines. 

6. Place each table on a separate page ; do not crowd too much material 
into a single table. Note size of printed page (width and length, 43 x 7 in.) 
and gauge tables accordingly, leaving plenty of space in margins and in the 
interior for editorial marks. If at all possible, arrange tabular data hori- 
zontally on the page. Use horizontal lines at top and bottom and in column 
headings, but not in interior of tables. Use vertical lines between columns. 
Spaces (leads) are usually used in the final printed tables to separate sets 
of data. For footnotes to tables use the asterisk, dagger, double dagger, and 
section. Tabular material should be used sparingly. It costs over $15.00 
per page. Author will be billed for the cost of tabular data in excess of 
25 per cent. of the total paper. 

7. Place acknowledgments at the end of the paper. The name of your 
institution and its address should also be given at the end of the manuscript. 

8. Use separate pages for the literature cited. Give complete citations, 
author, title, journal name, volume number, inclusive pages, and year. (See 
any literature list in the journal for examples.) Punctuate according to the 
examples, and leave no citations incomplete. Write out names of states in 
full. Note proper abbreviations of journals. 

An error frequently noted by our editors in manuscripts with long bib- 
liographies is the failure to mention in the text all citations listed. Authors 
ean assist in this matter by checking off the citations in the bibliography as 
they encounter reference to them in the body of the text in proofreading 
copy prior to submission. 

9. Limit the size of all pages, drawings, tables, and photographs to 
standard 84 x 11 inches, or less. 

10. Use mathematical formulae only when necessary, and be conserva- 
tive in the use of space. 

11. Authors will be billed for alterations in the galley proofs involving 
excessive changes from manuscript copy. 

12. Send original copy of manuscript to Editor, W. F. Loenwine, 
Department of Botany, University of Iowa, Iowa City, lowa. Retain a 
earbon copy to insure against loss, and to consult in case of need. We 
solicit your cooperation in these matters to relieve the editors and printers 
of some of their most frequent and costly difficulties. 
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